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To all whom it may concern: 



Be it known that Richard Axel and Kristin Scott 



have invented certain new and useful improvements in 



CHEMOSENSORY GENE FAMILY ENCODING GUSTATORY AND ODORANT RECEPTORS 
AND USES THEREOF 



of which the following is a full, clear and exact description. 



Dkt. 0575/64019-A/JPW/ADM 

CHEMO SENSORY GENE FAMILY ENCODING GUSTATORY AND OLFACTORY 
RECEPTORS AND USES THEREOF 

This application claims the benefit of U.S. Provisional 
Application No. 60/271,319, filed February 23, 2001, the 
contents of which are hereby incorporated by reference. 

The invention disclosed herein was made with Government 
support under grant numbers NS 29832-09 from the National 
Institutes of Health and 2POICA23767-22 from the National 
Cancer Institute. Accordingly, the U.S. Government has 
certain rights in this invention. 

Background Of The Invention 

Throughout this application, various publications are 
referenced in parentheses. Full citations for these 
references may be found at the end of the specification 
immediately preceding the claims. The disclosures of these 
publications in their entireties are hereby incorporated 
by reference into this application to more fully describe 
the state of the art to which this invention pertains. 

All animals have specialized mechanisms to recognize and 
respond to chemosensory information in the environment. 
Olfactory neurons recognize volatile cues that afford the 
organism the ability to detect food, predators and mates. 
In contrast, gustatory neurons sense soluble chemical cues 
that elicit feeding behaviors. In insects, taste neurons 
also initiate innate sexual and reproductive responses. In 
Drosophila, for example, sweet compounds are recognized by 
chemosensory hairs on the proboscis and legs that activate 
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proboscis extension and feeding (Dethier, 1976) . Sexually 
dimorphic chemosensory bristles on the foreleg of males 
recognize cues from receptive females that are thought to 
elicit the embrace of mating (Tompkins et al . , 1983; 
5 Possidente and Murphey, 1989) . Females have yet a third 
set of specialized bristles on their genitalia that may 
cause oviposition in response to nutrients (Rice, 1977; 
Taylor, 1989) . In this manner, gravid females will 
preferentially deposit their eggs on a rich environment 
10 that enhances survival of their offspring. These robust 
and innate gustatory responses provide the opportunity to 
understand how chemosensory information is recognized in 
the periphery and ultimately translated into specific 
behaviors . 

15 

Taste in Drosophila is mediated by sensory bristles that 
reside on the proboscis, legs, wing, and genitalia 
(Stocker, 1994; Singh, 1997) . Most chemosensory bristles 

z 

I U 

111 are innervated by four bipolar gustatory neurons and a 

20 single mechanoreceptor cell (Falk et al . , 1976). The 
dendrites of gustatory neurons extend into the shaft of 
the bristle and are the site of taste recognition that 
translates the binding of tastants into alterations in 
membrane potential. The sensory axons from the proboscis 
25 project to the brain where they synapse on projection 
neurons within the subesophageal ganglion (SOG) , the first 
relay station for gustatory information in the fly brain 
(Stocker and Schorderet, 1981; Nayak and Singh, 1983; 
Shanbhag and Singh, 1992; Rajashekhar and Singh, 1994) . 
3 0 Sensory axons from taste neurons at other sites along the 
body project locally to peripheral ganglia (Power, 1948) . 
Drosophila larvae, whose predominant activity is eating, 
sense their chemical environment with gustatory neurons 
that reside in chemosensory organs on the head and are 
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also distributed along the body surface (Stocker, 1994) . 
The pattern of projection of functionally distinct classes 
of taste cells and therefore the nature of the 
representation of gustatory information in the Drosophila 
5 brain remains unknown. 

The identification of the genes encoding taste receptors 
and the analysis of the patterns of receptor expression 
may provide insight into the logic of taste discrimination 
in the fly. In Drosophila, the recognition of odorants is 
thought to be accomplished by about 70 seven -transmembrane 
domain proteins encoded by the Drosophila odorant receptor 
(DOR) gene family (Clyne et al . , 1999; Gao and Chess, 
1999; Vosshall et al . , 1999; Vosshall et al . , 2000). 
Recently, a large family of putative G protein- coupled 
receptors was identified by searching the Drosophila 
genome with an algorithm designed to detect seven- 
transmembrane domain proteins (Clyne et al . , 2000). These 
genes were suggested to encode gustatory receptors (GRs) 
because members of this gene family were detected in the 
proboscis by RT-PCR experiments. 

The present application characterizes and extends the 
family of putative G protein-coupled receptors originally 
25 identified by Clyne et al . (2000) and provides evidence 
that they encode both olfactory and gustatory receptors. 
In situ hybridization, along with transgene experiments, 
reveals that some receptors are expressed in 
topographically restricted sets of neurons in the 
3 0 proboscis, whereas other members are expressed in 
spatially fixed olfactory neurons in the antenna. Members 
of this gene family are also expressed in chemosensory 
bristles on the leg and in larval chemosensory organs. 
Finally, the projections of different subsets of larval 
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chemosensory neurons were traced to the subesophageal 
ganglion and the antennal lobe. These data provide 
insight into the diversity of chemosensory recognition in 
the periphery and afford an initial view of the 
representation of gustatory information in the fly brain. 



This invention provides an isolated nucleic acid encoding 
an insect gustatory receptor protein, wherein the receptor 
protein comprises seven transmembrane domains and a C- 
terminal domain, and the C-terminal domain comprises 
consecutive amino acids having the following sequence: 

-G-L/F-F-X-X-X-X-X-X-X-X-X-X-X-X-X-X-T-Y-L-V/I-L-V/I/L-Q- 
F- (SEQ ID MO: 60) , 

where X is any amino acid, and / means or. 

The invention provides an isolated nucleic acid encoding 
an insect odorant receptor protein, wherein the receptor 
protein comprises seven transmembrane domains and a C- 
terminal domain, and the C-terminal domain comprises 
consecutive amino acids having the following sequence : 

-G-L/F-F-X-X-X-X-X-X-X-X-X-X-X-X-X-X-T-Y-L-V/I-L-V/I/L-Q- 
F- (SEQ ID NO: 60) , 

where X is any amino acid, and / means or. 

The invention provides an isolated nucleic acid encoding 
an insect gustatory receptor protein, wherein the nucleic 
acid molecule encodes a protein selected from the group 
consisting of: 

(a) an insect receptor protein comprising 
consecutive amino acids having a sequence 



identical to 
NO: 1, 
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that set forth for Gr2Bl in SEQ ID 



(b) an insect receptor protein comprising 
5 consecutive amino acids having a sequence 

identical to that set forth for Gr8Dl in SEQ ID 
NO: 2, 

(c) an insect receptor protein comprising 
10 consecutive amino acids having a sequence 

identical to that set forth for GrlOBl in SEQ ID 
'm NO : 3 , 

IS 

. (d) an insect receptor protein comprising 

W 15 consecutive amino acids having a sequence 

m identical to that set forth for GrlOB2 in SEQ ID 
L NO: 4, 



(e) an insect receptor protein comprising 
20 consecutive amino acids having a sequence 

identical to that set forth for Gr28A2 in SEQ ID 
NO: 5, 

(f) an insect receptor protein comprising 
25 consecutive amino acids having a sequence 

identical to that set forth for Gr2 8A4 in SEQ ID 
NO: 6, 

(g) an insect receptor protein comprising 
3 0 consecutive amino acids having a sequence 

identical to that set forth for Gr33Cl in SEQ ID 
NO : 7 , 
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(h) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr36B2 in SEQ ID 
NO: 8, 

5 

(i) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr3 6B3 in SEQ ID 
NO: 9, 

10 

(j) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr59Cl in SEQ ID 
H» NO: 10, 

P (k) an insect receptor protein comprising 

n consecutive amino acids having a sequence 

0J identical to that set forth for Gr61Dl in SEQ ID 

sz; ?. 

m NO: 11, 

tJ 20 

III 

(1) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr63Fl in SEQ ID 
NO: 12, 

25 

(m) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr64A2 in SEQ ID 
NO: 13, 

30 

(n) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GR64A3 in SEQ ID 
NO: 14, 
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(o) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr66Cl in SEQ ID 
NO: 15, 

(p) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr92Dl in SEQ ID 
NO: 16, 

(q) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr98Al in SEQ ID 
NO: 17, 

(r) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr98A2 in SEQ ID 
NO: 18, 

(s) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr2940.1 in SEQ 
ID NO: 19, 

(t) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr2940.2 in SEQ 
ID NO: 20, 

(u) an insect receptor protein comprising 
consecutive amino acids having a sequence 
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identical to that set forth for Gr2940.3 in SEQ 
ID NO: 21, 



(v) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr2940.4 in SEQ 
ID NO: 22, 



(w) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr2940.5 in SEQ 

ID NO: 23, 



(x) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr57Bl in SEQ ID 
NO: 46, 



(y) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93Fl in SEQ ID 
NO: 48, 



(z) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93F2 in SEQ ID 
NO: 49, 



(aa) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93F3 in SEQ ID 
NO: 50, 



(bb) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93F4 in SEQ ID 
NO: 51, 

(cc) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr94El in SEQ ID 
NO: 52, 

(dd) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93Dl in SEQ ID 
NO: 53, 

(ee) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for GrLUl=Gr36Bl in 
SEQ ID NO: 55, 

(ff) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GrLU2=Gr28A3 in 
SEQ ID NO: 56, 

(gg) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GrLU3=Gr64Al in 
SEQ ID NO: 57, 

(hh) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GrLU7=Gr5Al in 
SEQ ID NO: 59, and 
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(ii) an insect gustatory receptor protein which 
shares from 7-50% amino acid identity with any 
one of the proteins of (a) - (hh) , and comprises 
seven transmembrane domains and a C- terminal 
domain, wherein the C-terminal domain comprises 
consecutive amino acids having the following 
sequence: 

-G-L/F-F-X-X-X-X-X-X-X-X-X-X-X-X-X-X-T-Y-L-V/I- 
L-V/I/L-Q-F- (SEQ ID NO: 60), 

where X is any amino acid, and / means or. 



The invention provides an isolated nucleic acid molecule 
encoding an insect odorant receptor protein, wherein the 
nucleic acid molecule encodes a protein selected from the 
group consisting of: 



(a) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr2Bl in SEQ ID 
NO: 1, 



(b) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr8Dl in SEQ ID 
NO: 2, 

(c) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GrlOBl in SEQ ID 
NO: 3, 
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(d) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GrlOB2 in SEQ ID 
NO: 4, 

5 

(e) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr2 8A2 in SEQ ID 
NO: 5, 

10 

(f) an insect receptor protein comprising 
!!r consecutive amino acids having a sequence 
Q identical to that set forth for Gr2 8A4 in SEQ ID 

Ff NO: 6, 

03 15 

(g) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr33Cl in SEQ ID 
NO: 7, 

20 

(h) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr3 6B2 in SEQ ID 
NO: 8, 

25 

(i) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr36B3 in SEQ ID 
NO: 9, 

30 

(j) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr59Cl in SEQ ID 
NO: 10, 



crt 
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(k) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr61Dl in SEQ ID 
5 NO : 11, 

(1) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr63Fl in SEQ ID 
10 NO: 12, 

g (m) an insect receptor protein comprising 

^ consecutive amino acids having a sequence 

ls& identical to that set forth for Gr64A2 in SEQ ID 

?? 15 NO : 13, 



Q 



(n) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GR64A3 in SEQ ID 
20 NO: 14, 

(o) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr66Cl in SEQ ID 
25 NO: 15, 

(p) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr92Dl in SEQ ID 
30 NO: 16, 

(q) an insect receptor protein comprising 
consecutive amino acids having a sequence 
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identical to that set forth for Gr98Al in SEQ ID 
NO: 17, 



(r) an insect receptor protein comprising 

5 consecutive amino acids having a sequence 

identical to that set forth for Gr98A2 in SEQ ID 
NO: 18, 

(s) an insect receptor protein comprising 

10 consecutive amino acids having a sequence 

identical to that set forth for Gr2940.1 in SEQ 
m ID NO: 19, 

0 

ff:: 

(t) an insect receptor protein comprising 

15 consecutive amino acids having a sequence 

gi identical to that set forth for Gr2940.2 in SEQ 
L ID NO: 20, 

1:^ (u) an insect receptor protein comprising 

i y 

p 20 consecutive amino acids having a sequence 

*~ identical to that set forth for Gr2940.3 in SEQ 

ID NO: 21, 

(v) an insect receptor protein comprising 

25 consecutive amino acids having a sequence 

identical to that set forth for Gr2940.4 in SEQ 
ID NO: 22, 

(w) an insect receptor protein comprising 

3 0 consecutive amino acids having a sequence 

identical to that set forth for Gr2940.5 in SEQ 
ID NO: 23, 



(x) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr57Bl in SEQ ID 
NO: 46, 

(y) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93Fl in SEQ ID 
NO: 48, 

(z) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93F2 in SEQ ID 
NO: 49, 

(aa) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93F3 in SEQ ID 
NO: 50, 

(bb) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93F4 in SEQ ID 
NO: 51, 

(cc) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr94El in SEQ ID 
NO: 52, 

(dd) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93Dl in SEQ ID 
NO: 53, 



16 



(ee) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GrLUl=Gr3 6Bl in 
SEQ ID NO: 55, 

(ff) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GrLU2=Gr28A3 in 
SEQ ID NO: 56, 

(gg) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GrLU3=Gr64Al in 
SEQ ID NO: 57, 

(hh) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GrLU7 =Gr5Al in 
SEQ ID NO: 59, and 



(ii) an insect odorant receptor protein which shares 
from 7-50% amino acid identity with any one of 
the proteins of (a) - (hh) , and comprises seven 
transmembrane domains and a C- terminal domain, 
wherein the C- terminal domain comprises 
consecutive amino acids having the following 
sequence: 

-G-L/F-F-X-X-X-X-X-X-X-X-X-X-X-X-X-X-T-Y-L-V/I- 
L-V/I/L-Q-F- (SEQ ID NO: 60), 

where X is any amino acid, and / means or. 
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The invention provides a nucleic acid molecule comprising 
at least 12 nucleotides which specifically hybridizes with 
any of the isolated nucleic acid molecules described 
herein. 

This invention provides a vector which comprises any of 
the isolated nucleic acid molecules described herein. 

The invention provides a host vector system for production 
of a polypeptide having the biological activity of an 
insect gustatory or odorant receptor, which comprises any 
of the vectors described herein and a suitable host. 

The invention provides a method of producing a polypeptide 
having the biological activity of an insect gustatory or 
odorant receptor which comprising growing any of the host 
vector systems described herein under conditions 
permitting production of the polypeptide and recovering 
the polypeptide so produced. 

The invention provides a purified insect gustatory or 
odorant receptor protein encoded by any of the isolated 
nucleic acid molecules described herein. 

The invention provides an antibody which specifically 
binds to an insect gustatory or odorant receptor protein 
encoded by any of the isolated nucleic acid molecules 
described herein. The invention provides an antibody 
which competitively inhibits the binding of any of the 
antibodies described herein capable of specifically 
binding to an insect gustatory or odorant receptor. 
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The invention provides a method of transforming a cell 
which comprises transfecting a host cell with any of the 
vectors described herein. 

The invention provides a transformed cell produced by any 
of the methods described herein. 

The invention provides a method of identifying a compound 
which specifically binds to an insect gustatory or odorant 
receptor which comprises contacting any of the transformed 
cells described herein, or a membrane fraction from said 
cells, with the compound under conditions permitting 
binding of the compound to the gustatory or odorant 
receptor, detecting the presence of any such compound 
specifically bound to the receptor, and thereby 
identifying the compound as a compound which specifically 
binds to an insect gustatory or odorant receptor. 

The invention provides a method of identifying a compound 
which specifically binds to an insect gustatory or odorant 
receptor which comprises contacting any of the purified 
insect gustatory or odorant receptor proteins described 
herein with the compound under conditions permitting 
binding of the compound to the purified gustatory or 
odorant receptor protein, detecting the presence of any 
such compound specifically bound to the receptor, and 
thereby identifying the compound as a compound which 
specifically binds to an insect gustatory or odorant 
receptor. 

The invention provides a method of identifying a compound 
which activates an insect gustatory or odorant receptor 
which comprises contacting any of the transformed cells 
described herein, or a membrane fraction from said cells, 
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with the compound under conditions permitting activation 
of the gustatory or odorant receptor, detecting activation 
of the receptor, and thereby identifying the compound as a 
compound which activates an insect gustatory or odorant 
5 receptor. 



The invention provides a method of identifying a compound 
which activates an insect gustatory or odorant receptor 
which comprises contacting any of the purified insect 
10 gustatory or odorant receptor proteins described herein 
M= with the compound under conditions permitting activation 

JS of the gustatory or odorant receptor, detecting activation 

IH of the receptor, and thereby identify the compound as a 

^ compound which activates an insect gustatory or odorant 

H : 15 receptor. 

Q The invention provides a method of identifying a compound 

fit 

kJ which inhibits the activity of an insect gustatory or 

Ri odorant receptor which comprises contacting any of the 

o 

20 transformed cells described herein, or a membrane fraction 



from said cells, with the compound under conditions 
permitting inhibition of the activity of the gustatory or 
odorant receptor, detecting inhibition of the activity of 
the receptor, and thereby identifying the compound as a 
25 compound which inhibits the activity of an insect 
gustatory or odorant receptor. 



The invention provides a method of identifying a compound 
which inhibits the activity of an insect gustatory or 
3 0 odorant receptor which comprises contacting any of the 
purified insect gustatory or odorant receptor proteins 
described herein with the compound under conditions 
permitting inhibition of the activity of the gustatory or 
odorant receptor, detecting inhibition of the activity of 
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the receptor, and thereby identifying the compound as a 
compound which inhibits the activity of an insect 
gustatory or odorant receptor. 

The invention provides a compound identified by any of the 
methods described herein. 

The invention provides a method of combating ingestion of 
crops by pest insects which comprises identifying a 
compound by any of the methods described herein and 
spraying the crops with the compound. 

The invention provides a method of controlling a pest 
population in an area which comprises identifying a 
compound any of the methods described herein and spraying 
the area with the compound. 

The invention provides a composition which comprises a 
compound identified by any of the methods described herein 
and a carrier. 

The invention provides a method of preparing a composition 
which comprises identifying a compound by any of the 
methods described herein, recovering the compound from the 
receptor protein, and admixing a carrier. 
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Brief Description Of The Figures 



Figure 1A-1B. The signature motif of GRs is present but 
diverged in members of the DOR gene family. 

Sequence alignments of the complete DOR and GR gene 
families reveal a common amino acid motif in the putative 
seventh transmembrane domain of the carboxyl terminus of 
all GRs and 33 DORs . Alignments are shown for 23 GRs and 
3 3 DORs (from top to bottom of figure, SEQ ID NO: 61 
through SEQ ID NO: 116, respectively) . The average 
identity in the C- terminus is 29% for the GRs , 25% for the 
DORs, and 20% for the GRs plus DORs. Sequence 
relationships between the GR gene family and the DOR genes 
were analyzed with HMMs (Eddy, 1998) , CLUSTAL alignments 
and neighbor joining trees (Saitou and Nei, 1987; Higgins 
and Sharp, 1988), and NxN BLASTP (Rubin et al . , 2000) 
comparisons. The consensus alignment and coloring of 
conserved residues was assigned in ClustalX. 

Figure 2A-2B. Expression of GR genes in the proboscis 
and antenna 

Digoxigenin- labeled antisense riboprobes derived from GR 
sequences hybridize to subsets of cells in adult 
chemosensory organs. (A) Six genes show specific 

hybridization to gustatory tissues. Gr47Al, Gr66Cl f 
Gr32Dl, Gr98Al r Gr28A3 and Gr33Cl are expressed in single 
cells within chemosensory sensilla of the proboscis 
labellum (data not shown for Gr28A3 and Gr33Cl) . (B) Three 
genes, Gr63Fl, GrlOBl, and Gt21D1, are specifically 
detected in the medial aspect of the third antennal 
segment, the adult olfactory organ. These expression 
patterns were maintained in more than 50 heads for each 
riboprobe. Probes were annealed to sagittal sections (15 
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urn) of the adult fly head to assay for expression in the 
proboscis and to frontal sections to examine expression in 
the antenna. 

Figure 3. A spatial map of GR expression in the proboscis 

GR promoter -Gal 4 transgenes drive expression in subsets of 
cells in the proboscis. Flies containing GR promoter -Gal 4 
and UAS-lacZ transgenes were examined for B-galactosidase 
activity staining on labial palp whole mounts. Each labial 
palp contains 31-36 chemosensory sensilla, arranged in 
approximately four rows. In the diagram of a labial palp, 
different rows of sensilla are depicted in different 
colors (adapted from Ray et al . , 1993). Individual GRs 
show restricted expression in discrete subsets of 
chemosensilla. Gr47Al is expressed in 9-11 sensilla 
innervating the most peripheral row of bristles, Gr32Dl is 
expressed in 6 sensilla innervating an intermediate row of 
bristles, Gr22Bl is expressed in only 3-4 sensilla 
innervating small bristles, and Gr66Cl and Gr28A3 are 
expressed in 8-10 sensilla innervating small or medium 
bristles. The spatial patterns for the different 

receptors are identical in 2-5 independent transformant 
lines for each promoter construct, and are also fixed 
among over 20 different individuals within a line. 

Figure 4A-4E. GRs are expressed in a variety of 
chemosensory neurons 

(A, B) Expression of GFP allows visualization of 

dendrites and axons of neurons in the proboscis. GFP was 
detected in labial palp whole mounts of GR promoter - Gal4 : 
UAS-GFP flies by direct fluorescence microscopy. Each 
transgene drives expression of GFP in a single bipolar 
neuron within a sensillum. Gr66Cl is expressed in 9 
neurons (6-7 in focus) (A) and Gr22Bl is expressed in 3 
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neurons (B) innervating different rows of chemosensory 
bristles . 

(C, D, E) GRs are expressed in chemosensory sensilla that 
reside on the internal mouthparts of the proboscis and on 
tarsal segments of legs. In addition to expression in the 
proboscis labellum, Gr32Dl, Gr66Cl and Gr28A3 are also 
detected in the cibarial organs of the mouth. (C) LacZ 
expression in a whole mount proboscis is illustrated for 
the Gr66Cl-Gal4 : UAS-lacZ line. The arrow denotes the 
cibarial organ. (D) One transgenic line, Gr2Bl-Gal4 , 
drives expression exclusively in the labral sense organ of 
the mouth, and not in the cibarial organs or in the 
labellum of the proboscis. The arrow denotes the labral 
sense organ. (E) Gr32Dl is expressed in the proboscis 
labellum and in the cibarial organs. In addition, Gr32Dl- 
Ga.14 drives expression of GFP in 2-3 neurons in the 
fourth and fifth tarsal segments of all legs. Receptor 
expression was examined by B-galactosidase activity 
staining of GR promoter -Gal 4 : UAS-lacZ flies {C, D) or by 
fluorescent visualization of GR promoter -Gal 4 : UAS-GFP 
flies (E) . 

Figure 5A-5G. GRs are expressed in larval chemosensory 
neurons 

(A) The ant enno- maxillary complex of larvae is a 
bilaterally symmetric structure containing the dorsal 
organ mediating smell and the terminal organ involved in 
both taste and smell. Shown is the anterior ventral 
region of a larva viewed by differential interference 
contrast. On one half of the larval head, the sensilla of 
the terminal organ is outlined with black dotted lines and 
the pore of the terminal organ is denoted by an outlined 
arrow. The dome of the dorsal organ is denoted by a 
filled arrowhead. 
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(B-E) Gr32Dl r Gr66Cl r and Gr28A3 are expressed in the 
proboscis labellum in the adult (Figure 3) , and are 
expressed in a single bilaterally symmetric neuron in the 
terminal organ of larvae (B, E, data not shown) . Gr2Bl is 
expressed in the labral sense organ of the adult 
proboscis, and is expressed in two neurons innervating the 
dorsal organ (filled arrow) , one neuron innervating the 
terminal organ (outlined arrow) , and one neuron 
innervating the ventral pits in each of the thoracic 
segments in larvae (C) . Gr21Dl is expressed in the adult 
antenna and in a single larval neuron innervating the 
terminal organ (D) . The dome of the dorsal organ is 
autof lourescent . 

(F,G) Different GRs are expressed in distinct 

chemosensory neurons. In larvae bearing two GR promoter- 
Gal4 fusions and UAS-GFP, two GFP positive cells per 
terminal organ are observed. The different promoter 
combinations illustrated are Gr21Dl-Gal4 plus Gr66Cl-Gal4 

(F) and Gr32Dl-Gal4 plus Gr66Cl-Gal4 (G) . The 
pseudotracheae of the larval mouth shows autof lourescence . 

Figure 6A-6H. Axonal Projections of Larval Chemosensory 
Neurons 

Projections of neurons bearing different GRs are spatially 
segregated in the larval brain. In all panels, whole mount 
larval brains from GR promoter -Gal 4 : UAS-nSyb-GFP flies 
were stained with anti-GFP to label axonal termini 
(green) , mAb nc82 to label neuropil (red) , and T0T0-3 to 
counterstain nuclei (blue) . Each image represents a 
composite of 1 um optical sections through the larval 
brain, encompassing the terminal projections. Projections 
extend 5-10 um in depth for B,C,D,G and 10-20 um in depth 
for E,F,G. 

(A) The larval brain is composed of the two dorsal brain 
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hemispheres (BH) and the ventral hindbrain (HB) . The 
subesophageal ganglion (SOG) resides in the hindbrain, at 
the juncture of the hindbrain with the brain hemispheres. 
The antennal lobe (AL) is a small neuropil on the anterior 
edge of the brain hemisphere (denoted with an arrow in 
panel E,G) . 

(B-D) GR-bearing neurons project to discrete locations in 
the larval brain. Gr32Dl is expressed in the proboscis in 
the adult and in one neuron in the terminal organ in 
larvae. In Gr32Dl-Gal4 : UAS-nSyb-GFP larval brains, a 
single terminal arborization is observed in the SOG (C) . A 
similar pattern is observed for neurons expressing Gr66Cl, 
a gene expressed in the adult proboscis and in a single 
neuron in the terminal organ and two in the mouth of 
larvae (B, D) . Panels D is a higher magnification (3x) of 
Panel B. 

(E) Projections of gustatory neurons from different body 
regions are spatially segregated in the fly brain. Gr2Bl 
is expressed in two neurons innervating the dorsal organ, 
one neuron innervating the terminal organ, and one neuron 
innervating the ventral pits. Axons from ventral pit 
neurons enter the hindbrain via thoracic nerves and 
terminate in the antennal lobe (arrows) , in a location 
that is distinct from the termini of other Gr2B2-bearing 
neurons . 

(F) Segregation is less apparent in the terminal 
projections of two different taste receptors. Larvae that 
contain Gr66Cl-Gal4 and Gr32Dl-Gal4 along with UAS-nSyb- 
GFP reveal two partially overlapping projection patterns. 

(G,H) Distinct projection patterns are observed for the 
two different chemosensory modalities, taste and smell. 
Gr21Dl is expressed in the adult antenna and in a single 
neuron in the terminal organ of larvae . Gr21Dl axons 
enter the antennal lobe (arrows) (G) . In larvae that 
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contain Gr21Dl-Gal4 and Gr66Cl-Gal4 along with UAS-nSyb- 
GFP, two discrete termini are apparent, one entering the 
SOG, and a second entering the antennal lobe (H) . 

Figure 7A-7C. A subset of GRs encode olfactory receptors 

GR-bearing neurons in the antenna project to discrete 
glomeruli in the antennal lobe. Adult transgenic flies in 
which Gr21Dl promoter -Gal 4 drives expression of UAS-lacZ 
(A) or UAS-GFP (B) show specific labelling in subsets of 
cells in the medial aspect of the antenna. This 
expression pattern resembles that determined for the 
endogenous gene. LacZ expression was detected in 15 um 
frontal sections of the antenna (A) ; GFP expression was 
examined in whole antennae (B) . 

(C) Gr22Dl-bearing neurons project to a single bilaterally 
symmetric glomerulus on the ventral -most region of the 
antennal lobe. Whole mount brains of Gr21Dl-Gal4 : UAS- 
nSyb-GFP flies were examined by fluorescent 
immunohistochemistry, with ant i -GFP to visualize axonal 
termini of Gr21Dl -bearing neurons (green) , mAb nc82 to 
label brain neuropil (red) , and T0T0-3 to counterstain 
nuclei (blue) . Gr21Dl -bearing neurons send projections 
to the V glomerus in the antennal lobe (Stocker et al . , 
1990; Laissue et al . , 1999) and do not project to the 
subesophageal ganglion (located in the bottom part of C) . 
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Detailed Description Of The Invention 

Throughout this application, the following standard 
abbreviations are used to indicate specific amino acids: 



3 -character Amino Acid 1-character 

abbreviation abbreviation 



Ala 


Alanine 


A 


Arq 


Arginine 


R 


Asn 


Asparagine 


N 


Asp 


Aspartic Acid 


D 


Cys 


Cysteine 


C 


Gin 


Glutamine 


Q 


Glu 


Glutamic Acid 


E 


Gly 


Glycine 


G 


His 


Histidine 


H 


He 


Isoleucine 


I 


Leu 


Leucine 


L 


Lys 


Lysine 


K 


Met 


Methionine 


M 


Phe 


Phenylalanine 


F 


Pro 


Proline 


P 


Ser 


Serine 


S 


Thr 


Threonine 


T 


Trp 


Tryptophane 


W 


Tyr 


Tyrosine 


Y 


Val 


Valine 


V 


Asx 


Asparagine/ 


B 




Aspartic Acid 




Glx 


Glutamine/ 


Z 




Glutamic Acid 




*k * * 


(End) 


★ 


Xxx 


Unidentified, any, or 


X 




as specified. 





Throughout this application, the following standard 
abbreviations are used to indicate specific nucleotides: 
C= cyt os ine A=adenos ine 

T= thymidine G=guanosine . 
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This invention provides a family of isolated nucleic acid 
molecules encoding insect gustatory and odorant receptors . 
In one embodiment, the receptor is a gustatory receptor. 
In one embodiment, the receptor is an odorant receptor. 

The family of receptors comprises: 

Newly identified receptors disclosed herein comprise: 
Gr2Bl (SEQ ID NO: 1) 

MDTLRALE P LHRACQ VCNL WPWRL AP P PD S EG I LLRRS RWL EL YG WT VL I AAT S FT V 
YGLFQESSVEEKQDSESTISSIGHTVDFIQLVGMRVAHLAALLEALWQRQAQRGFFA 
E LGE I DRLL S KALRVD VE AMR I NMRRQT S RRAVW I L WG YAVS Q LL I LGAKL L S RGDR 
FPIYWISYLLPLLVCGLRYFQIFNATQLVRQRLDVLLVALQQLQLHQKGPAVDTVLE 
EQEDLEEAAMDRLIAWLWQRWALVALLNRCYGLSMLMQVGNDFLAITSNCYWMF 
LNFRQSAAS PFD I LQ I VASGVWSAPHLGNVLVLSLLCDRTAQCASRLALCLHQVS VD 
LRNESHNALITQFSLQLLHQRLHFSAAGFFNVDCTLLYTIVGATTTYLIILIQFHMS 
ESTIGSDSNGQ 

Gr8Dl (SEQ ID NO : 2) 

MSGHLGRVXQFHLRLYQVLGFHGLPLPGDGNPARTRRRLMAWSLFLLISLSALVLAC 
LFSGEEFLYRGDMFGCANDALKYVFAELGVTjAIYLETLSSQRHLANFPJWLHFKLGGQ 
KTGLVSLRSEFQQFCRYLIFLYAMMAAEVAIHLGLWQFQALTQHMLLFWSTYEPLVW 
LTYLRNLQFVLHLELLREQLTGLEREMGLLAEYSRFASETGRSFPGFESFLRRRLVQ 
KQR I YSHVYDMLKCFQGAFNF S I LAVLLT INIR I AVDCYFMYYS I YNNVINNDYYL I 
VPALLEIPAFIYASQSCMVWPRIAHQLHNIVTDSGCCSCPDLSLQIQNFSLQLLHQ 
PIRIDCLGLTILDCSLLTRMACSVGTYMI YS IQFI PKFSNTYM 

GrlOBl (SEQ ID NO: 3) 

MQRTHLEFEFKNAPQEPKRPFEFFMYFKFCLINLMMMIQVCGIFAQYGEVGKGSVSQ 
VRVHFAIYAFVLWNYTENMADYCYFINGSVLKYYRQFNLQLGSLRDEMDGLRPGGML 
LHHCCELSDRLEELRRRCREIHDLQRESFRMHQFQLIGLMLSTLINNLTNFYTLFHM 
LAKQSLEEVSYPWVGSVYATGFYIDTYIVALINEHIKLELEAVALTMRRFAEPREM 
DERLTREVRNKIFSFLATTLEIMIQIWLSFFANFDDVTPYRKCENRPKNLFFKIRQK 
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VIGIVSSGKLKLLVSLRFFIIDNRLILNLHKYLAIKLNFLNLIQIEHLSLELLNYQP 
PMLCGLLHLDRRLVYLIAVTAFSYFITLVQFDLYLRKKS 

GrlOB2 (SEQ ID NO: 4) 

MRVGKLCRLALRFWMGLILVLGFSSHYYNPTRRRLVYSRILQTYDWLLMVINLGAFY 
LYYRYAMTYFLEGMFRRQGFVNQVSTCNVFQQLLMAVTGTWLHFLFERHVCQTYNEL 
SRILKHDLKLKEHSRFYCLAFLAKOTNFFHNFNFALSAIMHWGLRPFNVWDLLANLY 
FVYNSLARDAILVAYVLLLLNLSEALRLNGQQEHDTYSDLMKQLRRRERLLRIGRRV 
HRMFAWLVAI AL IYLVF FNTAT I YLGYTMF I QKHDALGLRGRGLKMLLTWS FLVI L 
WDVVLLQ VI CEKLLAEENKI CDC PEDVASSRTTYRQWEMSALRRAI TRS S PENNVLG 
MFRMDMR CAFAL ISCSLSYGI 1 1 IQIGYIPG 

Gr28A2 (SEQ ID NO: 5) 

MAFKLWERFSQADNVFQALRPLTFISLLGLAPFRLNLNPRKEVQTSKFSFFAGIVHF 
LFFVLCFGISVKEGDSIIGYFFQTNITRFSDGTLRLTGILAMSTIFGFAMFKRQRLV 
S I IQNNIWDE I FVRLGMKLDYRRILLSSFLI SLGMLLFNVI YLCVSYSLLVSATI S 
PS FVTFTTFALPH INI SLMVFKFLCTTDLARSRFSMLNE I LQD I LDAHI EQLSALEL 
S PMHS WNHRRYSHRLRNL I STPMKRYS VTS VI RLNPE YAI KQ VSNI HNLLCD I CQT 
IEEYFTYPLLGIIAISFLFILFDDFYILEAILNPKRLDVFEADEFFAFFLMQLIWYI 
VIIVLIVEGSSRTILHSSYTAAIVHKILNITDDPELRDRLFRLSLQLSHRKVLFTAA 
GLFRLDRTL I FTVN FLQITGAATCYLIILIQF 

Gr28A4 (SEQ ID NO: 6) 

M I RCGLD I FRGCRGRFR YWL S ARDC YDS I S LMVAI AFALG I TP FL VRRNALGENS LEQ 
SWYGFLNAIFRWLLLAYCYSYINLRNESLIGYFMRNHVSQISTRVHDVGGIIAAVFTF 
ILPLLLRKYFLKSVKNMVQVDTQLERLRSPVNFNTWGQWLVILAWLLDTVLLTTG 
LVCIiAKMEVYAS WQLTF I FVYELLAI S I T I CMF CLMTRTVQRR ITCLHKFDFATMS AL 
RRVRKYFISSQWEALRPLFFLTFLYGLTPFHVVRRKMGESYLKMSCFGVFNIFIYIC 
LCGF C Y I S S LRQGE S I VGY FFRTE I S T I GDRLQ I FNGL I AGAV I YT S A I L KRC KLLGT 
LTILHSLDTNFSNIGVRVKYSRIFRYSLLVLIFKLLILGVYFVGVFRLLVSLDVTPSF 
CVCMTFFLQ 

Gr33Cl (SEQ ID NO : 7) 

MKRKAVEVIGL I PLNRQQ S ETNF I LD YAMMC I VP I F YVAC YLL INL SH 1 1 GLCLLDS C 
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NSVCKLSSHLFMHLGAFLYLTITLLSLYRRKEFFQQFDARLNDIDAVIQKCQRVAEMD 
KVKVTAVKHSVAYHFTWLFLFCVFTFALYYDVRSLYLTFGNLAFIPFMVSSFPYLAGS 
IIQGEFIYHVSVISQRFEQINMLLEKINQEARHRHAPLTVFDIESEGKKERKTVTPIT 
VMDGRTTTGFGNENKFAGEMKRQEGQQKNDDDDLDTSNDEDEDDFDYDNATIAENTGN 
TSEANLPDLFKLHDKILALSVITNGEFGPQCVPYMAACFVVS IFGIFLETKVNFI VGG 
KSRLLD YMT YL YV I WS FTTMMVAY I VLRLCCNANNHS KQSAM I VHE I MQKKPAFMLSN 
DLFYNKMKSFTLQFLHWEGFFQFNGVGLFALDYTFIFSTVSAATSYLIVLLQFDMTAI 
LRNEGLMS 

Gr36B2 (SEQ ID NO: 8) 

MVDWWLLLKAVHIYCYLIGLSNFEFDCRTGRVFKSRRCTIYAFMANIFILITIIYNF 
T AHGDTNLL FQ S ANKLHE Y V 1 1 IMSGLKI VALITVLNRWLQRGQMMQLVKDVIRLYMI 
NPQLKSM I RWG I LLKAF I S FAI ELLQVTLS VDALDRQGTAEMMGLLVKLCVSF IMNLA 
I S QHFL VI LL I RAQYR I MNAKLRMV I E E S RRL S FLQLRNGAFMTRC C YL S DQLED I GE 
VQSQLQSMVGQLDEVFGMQGLMAYSEYYLS IVGTSYMSYS I YKYGPHNLKLSAKTS I I 
VCILITLFYLDALVNCNNMLRVLDHHKDFLGLLEERTVFASSLDIRLEESVSFESLQL 
QLARNPLKINVMGMFPITRGSTAAMCASVIVNSIFLIQFDME 

Gr36B3 (SEQ ID NO: 9) 

MDLES FLLGAVYYYGLF I GLSNF EFDWNTGRVFTKKWSTLYAI ALDS C I FALY I YHWT 
GNTNI VNAI FGRANMLHEY WAI LTGLR I VTGLFTL I LRWYQRCKMMDLASKWRM YV 
ARPQVRRMSRWGILTKFIFGSITDGLQMAMVLST^MGSRVDSQFYLGLGLQYWMFVILN 
MAMMQQHM I ML FVRTQFQL INTELRQV I DEAKDLLL S PRHQGVFMTKCC S LADQ I EN I 
ARIQSQLQTIMNQMEEVFGIQGAMTYGGYYLSSVGTCYLAYSILKHGYENLSMTLSTV 
I LAYS WC FF Y YLDGMLNL S VMLH VQDD YWEMLQ I LGKRT I FVGLDVRLEEAVS T 

Gr59Cl (SEQ ID NO: 10) 

MIKLYFRYSLAIGITSQQFSNRKFFSTLFSRTYALIANIVTLIMLPIVMWQVQLVFQQK 
KTF PKL I L I TNNVREAVS FL VI L YT VLSRGFRDTAF KEMQ PLLLTL F RE EKRCGFKG I G 
GVRRSLRILLFVKFFTLSWLCVTDVLFLLYSTDALIWVNVLRFFFKCNTNNILEMVPMG 
YFLALWHIARGFDCVNRRLDQIVKSKSTRKHRELQHLWLLHACLTKTALNINKIYAPQM 
LASRFDNFVNGVIQAYWGAVFTFDLSTPFFWWYGSVQYHVRCLDYYLIDNMCDVAVEY 
HDS AKHS WS E VRWTKE VS AFGS I LL Y I CMLMQLLS FQ I S S YVI YANS TKLQLWS CGL FQ 
ANRSMWFAM I S S VL YYI LVLLQFHL VMRK* 
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Gr6lDl (SEQ ID NO: 11) 

MSRTSDDIRKHLKVRRQKQRAILAMRWRCAQGGLEFEQLDTFYGAIRPYLCVAQFFGIM 
PLSNIRSRDPQDVKFKVRSIGLAVTGLFLLLGGMKTLVGANILFTEGLNAKNIVGLVFL 
I VGMVNWLNFVGF ARS WSH I ML P WS S VD I LMLF PPY KRGKRS LRS KVNVLALS VVVLAV 
GDHMLYYASGYCSYSMHILQCHTNHSRITFGLYLEKEFSDIMFIMPFNIFSMCYGFWLN 
GAFTFLWNFMDIFIVMTSIGLAQRFQQFAARVGALEGRHVPEALWYDIRRDHIRLCELA 
SLVEASMSNIVFVSCANNVYVICNQALAIFTKLRHPINYVYFWYSLIFLLARTSLVFMT 
ASKIHDASLLPLRSLYLVPSDGWTQEVQRFADQLTSEFVGLSGYRLFCLTRKSLFGMLA 
TLVTYELMLLQ I DAKSHKGLRCA 

Gr63Fl (SEQ ID NO: 12) 

MRPSGEKWKGHGQGNSGHSLSGMANYYRRKKGDAVFLNAKPLNSANAQAYLYGVRKYS 
IGLAERLDADYEAPPLDRKKSSDSTASNNPEFKPSVFYRNIDPINWFLRIIGVLPIVRH 
GPARAKFEMNSASFIYSWFFVLLACYVGYVANNRIHIVRSLSGPFEEAVIAYLFLVNI 
LPIMIIPILWYEARKIAKLFNDWDDFEVLYYQISGHSLPLKLRQKAVYIAIVLPILSVL 
SW I THVTM SDLN I NQ WP YC I LDNLTAMLGAW WFL I CE AM S I TAHLLAERFQKAL KH I 
GPAAMVADYRVLWLRLSKLTRDTGNALCYTFVFMSLYLFFIITLSIYGLMSQLSEGFGI 
KDIGLTITALWNIGLLFYICDEAHYASVNVRTNFQKKLLMVELNWMNSDAQTEINMFLR 
ATEMNPSTINCGGFFDVNRTLFKGLLTTMVTYLWLLQFQISIPTDKGDSEGANNITW 
D F VMD S LDNDM S LMGAS TL S TTT VGTTL P P P I MKL KGRKG 

Gr64A2 (SEQ ID NO: 13) 

M P VRKVS S KFAEDLTFTWF S VRS YYAL VT I LFFGVS S GYM VAFVTS VS FNFDS VETLVF 
YLSIFLISLSFFQLARKWPEIAQSWQLVEAKLPPLKLPKERRSLAQHINMITIVATTCS 
LVEHIMSMLSMGYYVNSCPRWPDRPIDSFLYLSFSSVFYFVDYTRFLGIVGKWNVLST 
FAWNFNDIFVMAVSVALAARFRQLNDYMMREARLPTTVDYWMQCRINFRNLCKLCEEVD 
DAI ST I TLLCFSNNL YF ICGKI LKSMQAKPS I WHAL YFWFSL VYLLGRTL I LS LYS SSI 
NDESKRPLVIFRLVPREYWCDELKRFSEEVQMDNVALTGMKFFRLTRGWISVAGTIVT 
YELILLQFNGEEK 

Gr64A3 (SEQ ID NO: 14) 

MELSRSDKEAFLSDGSFHQAVGRVLLVAEFFAMMPVKGVTGKHPSDLSFSWRNIRTCF 
SLLF I AS SLANFGLSLFKVLNNP I S FNS I KP 1 1 FRGS VLLVL I VALNLARQWPQLMMY 
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WHTVEKDL PQYKTQLTKWKMGHT I SMVMLLGMMLS FAEH I LSMVS AINYAS FCNRTAD 
P I QN YFLRTNDE I F F VT S Y STTL AL WGKFQNVF S T F I WNYMDL FVM I VS I GLAS KFRQ 
LNDDLRNFKGM3SIMAP S YWS ERR I Q YRN I C I LCDKMDDAI S L I TM VS FSNNL YF I CVQLL 
RSLNTMPSVAHAVYFYFSLIFLIGRTLAVSLYSSSVHDESRLTLRYLRCVPKESWCPEV 
KRFTEEVISDEVALTGMKFFHLTRKLVLSVAGTIVTYELVLIQFHEDNDLWDCDQSYYS 

Gr66Cl (SEQ ID NO: 15) 

MDNMAQAEDAVQPLLQQFQQLFFISKIAGILPQDLEKFRSRNLLEKSRNGMIYMLSTLI 
LYWL YN I L I YS FGEEDRS LKASQS TLTF VI GL FLTY IGL I MM VS DQLTALRNQGR I GE 
LYERIRLVDERLYKEGCVMDNSTIGRRIRIMLIMTVIFELSILVSTYVKLVDYSQWMSL 
LWIVSAIPTFINTLDKIWFAVSLYALKERFEAINATLEELVDTHEKHKLWLRGNQEVPP 
PLD S S Q P PQ YD SNLE YL YKELGA I DAAS RKP P P P P LATNM VHES ELGNAAKVEEKLNNL 
CQVHDEI CE IGKALNELWS YP ILSLMAYGFL IFTAQLYFLYCATQYQS I PSLFRS AKNP 
F I TVI VLS YTSGKC VYL I YLS WKTS QAS KRTGI SLHKCGWADDNLLYE I VNHLSLKLL 
NHSVDFSACGFFTLDMETLYGVSGGITSYLIILIQFNLAAQQAKEAIQTFNSLNDTAGL 
VGAATDMDNI S STLRDFVTTTMT PAV 

Gr92Dl (SEQ ID NO: 16) 

MF E FLHQMS APKLS TS I LR Y I FR YAQ F I GVI FFCLHTR KDDKT VF I RNWLKWLNVTHR I 
ITFTRFFWVYI AS IS I KTNRVLQVLHGMRLVLS I PNVAVILCYHI FRGPEI IDLINQFL 
RLFRQVSDLFKTKTPGFGGRREL I L I LLNL I SFAHEQTYLWFTIRKGFS WRFL IDWWCD 
F YL VS ATN I F I H I NS I G YL SLGVL YS ELNKYVYTNLR I QLQKLNTSGSKQK I RR VQNRL 
EKC I S LYRE I YHTS IMFHKLFVPLLFLALI YKVLL I AL IGFNVAVEF YLNS F I FWI LLG 
KHVLDLFLVTVSVEGAVNQFLNIGMQFGNVGDLSKFQTTVSQFIFIDFIPI 

Gr98Al (SEQ ID NO: 17) 

M VAQKSRLL ARAF PYLD I F S VF ALTP P PQ S FGHT PHRRLRWYLMTG YVF YATA I L AT VF 
IVSYFNIIAIDEEVLEYNVSDFTRVMGNIQKSLYSIMAIANHLNMLINYRRLGGIYKDI 
ADLEMDMDEASQCFGGQRQRFSFRFRMALCVGVWMILMVGSMPRLTMTAMGPFVSTLLK 
ILTEFVMIMQQLKSLEYCVFVLIIYELVLRLRRTLSQLQEEFQDCEQQDMLQALCVALK 
RNQLLLGRIWRLEGDVGSYFTPTMLLLFLYNGLTILHMVNWAYINKFLYDSCCQYGPEY 
CLF VLL VYEL I LRTRHVLE QLKDDLEDFDCGAR I QELCVTLKQNQLL I GR I WRLVDE I G 
AYFRWSMTLLFLYNGLTILHWNWAIIRSIDPNDCCQLMSFHFSLNMEANRSRLLAAAR 
P YI Q I YS I FGLTP P IQFFTRTLHKRRRGI VI LGYAC YL I S I SLMVI YEC YANI VALQKD 
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I HKFHAEDS SKVMGNTQKVLWAMF WNQLN I LLNFRRLARI YDD I ADLE IDLNNAS SG 
FVGQRHWWRFRFRLALSVGLWIVLLVGLTPRFTLVALGPYLHWTNKVLTEIILIMLQLK 
CTE YC VFVLL I YEL I LRGRHI LQQ I S VELEGNQ SRDS VQELCVALKRNQLLAGR I WGLV 
NEVSL YFTLSLTLLFLYNELT I LQI VNWAL I KS VNPNECCQYTEDYL I LKMGLRE YSLQ 
MEHLKLIFTCGGLFDINLKFFGGVKLKL 

Gr98A2 (SEQ ID NO; 18) 

MEAKRSRLLTTARPYLQVLSLFGLTPPAEFFTRTLRKRRRFCWMAGYSLYLIAILLMVF 
YEFHANIVSLHLEIYKFHVEDFSKVMGRTQKFLIVAIATCNQLNILLNYGRLGLIYDEI 
ANLDLG I DKS S KNFCGKSHWWS FRLRLTLS I GLWMVI 1 1 GVI PRLTLGRAGPF FHWVNQ 
VLTQIILIMLQLKGPEYCLFVLLVYELILRTRHVLEQLKDDLEDFDCGARIQELCVTLK 
QNQLLIGRIWRLVDEIGAYFRWSMTLLFLYNGLTILHWNWAIIRSIDPNDCCQLSEE 

Gr2940.1 {SEQ ID NO: 19) 

MFRP S GSGYRQKWTGLTLKGALYGS W I LGVF P FAYDS WTRTLRRS KWL I AYGF VLNAAF 
I LL WTNDTE S ETPLRME VFHRNALAEQ I NG I HD I Q S L SM VS I MLLRS FWKS GD I ERTL 
NELEDLQHRYFRNYSLEEC I S FDRFVL YKGFSVVLELVSMLVLELGMS PNYS AQFF I GL 
GSLCLMLLAVLLGASHFHLAWFWRYWIWRELLKLWKMAIGETVESERMDLLLYL 
YHRLLDLGQRL AS I YDYQMVMVMVS FL I ANVLG I YF F I I YS I S LNKS LD FKI LVFVQAL 
VINMLDF WLNVE I CELAERTGRQTST I LKLFND I ENI DEKLERS VS FTSQHYCETDFAL 
FCSHRRLRFHHCGLF YVNYEMGFRMAI TS FL YLLFL I QFD YWNL 

Gr2940.2 (SEQ ID NO: 20) 

MVKQAEDREHG IMLDVFQRNALL YQ I S SLMGWGWS I CTVHLRTLWRS KHLEE I YNGL 
MLLEAKYFCSNAVECPAFDGYVIQKGWIWGLLAP1MVHFGMPDSKLPVLNVLWSMV 
KLGTLLLALHYHLGWIIYRFVWLINRELLSLVCSLRGNHKGSSSRVRFLLKLYNKLVN 
LYS KLADCYDCQTVLMMAI FLAANI I VCF YM I VYR I SLSKMSFFVML IMFPLAI ANNFM 
DFWLSMKVCDLLQKTGRQTSM I LKLFND I ENMDKDLE I S I SDFAL YCSHRRFKFLHCGL 
FHVNREMGFKMFVASVLYLLYLVQF 

Gr2940-3 (SEQ ID NO: 21) 

MFASRSDLQSRLCWIILKATLYSSWFLGVFPYRFDSRNGQLKRSRFLLFYGLILNFFLL 
LKMVCSGGQKLGIPEAFARNSVLENTHYTTGMLAVFSCWIHFLNFWGSTRVQDLANEL 
LVLEYQQFASLNETKCPKFNSFVIQKWLSVIGLLLSYLSIAYGLPGNNFSVEMVLINSL 
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VQFSFNCNIMHYYIGVLLIYRYLWLINGQLLEMVTNLKLDCSVDSSRIRKYLSLYRRLL 
ELKGYMVATYEYHMTLVLTTGLASNFLAIYSWIVLDISMNINFIYLLIFPLFLLVNVWN 
LWLSIAASDLAENAGKSTQTVLKLFADLEVKDIELERSVSVMSNRYKQVNEFALLCGH 
CQFNFHVCGLFTI NYKMGFQM I ITSFLYL I YMIQFD 

Gr2940.4 (SEQ ID NO: 22) 

MINWIGIINVLSALIVHFMNFWGSRKVGEICNELLILEYQDFEGLNGRNCPNFNCFV 
I Q KCL T I LGQLL S FFTLNFAL PGLE FH I CLVLL S CLME F S LNLN I MH YHVGVLL I YR Y 
WLINEQLKDLVSQLKLNPETDFSRIHQFLSLYKRLLELMRKLVIAYEYQMTLFIIAQ 
LSGNIWIYFLIVYGLSMRTYSIFLVAFPNSLLINIWDFWLCIAACDLTEKAGDETAI 
ILKIFSDLEHRDDKLEKFRFQLCGLFSMNCRMGFKMIITTFLYLVYLVQFDYMNL* 

Gr2940.5 (SEQ ID NO: 23) 

MSQPKRIHRICKGLARFTIRATLYGSWVLGLFPFTFDSRKRRLNRSKWLLAYGLVLNL 
TLLVLSMLPSTDDHNSVKVEVFQRNPLVKQVEELVEVISLITTLVTHLRTFSRSSELV 
EILNELLVLDKNHFSKLMLSECHTFNRYVIEKGLVIILEIGSSLVLYFGIPNSKIWY 
EAVCIYIVQLEVLMVVMHFHLAVIYIYRYLWIINGQLLDMASRLRRGDSVDPDRIQLL 
LWLYSRLLDLNHRLTAIYDIQVTLFMATLFSVNIIVGHVLVICWINITRFSLLVIFLL 
FPQALIINFWDLWQGIAFCDLAESTGKKTSMILKLFNDMENMDQETERRVSEYMFQNL 
MYFKYFKHPLIFVAEFTLFCSHRRLKVCHLGLLDINYEMGFRMIITNILYWFLVQFD 
YMNL 

Previously reported Gustatory Receptors which are family 
members : 

a) Full-length clones 
Gr21Dl (SEQ ID NO: 24) 

MGVM P I HRN P PE KNL PRTG YS WGS KQ VMWA I F I YS CQTT I WL VL RERVKKF VTS PDK 
RFDEAIYNVIFISLLFTNFLLPVASWRHGPQVAIFKNMWTNYQYKFFKTTGSPIVFPN 
LYPLTWSLCVFSWLLS I AINLSQYFLQPDFRLWYTFAYYPI IAMLNCFCSLWYINCNA 
FGTAS RALS DALQTT I RGEKPAQKLTE YRHLWVDL SHMMQQLGRAYSNMYGMYCLVI F 
FTT I I ATYGS I SE I I DHGATYKE VGLFVI VFYCMGLLYI ICNEAHYASRKVGLDFQTK 
LLN I NLTAVDAATQKE VEMLL VA I NKNP P I MNLDGYAN I NRE L I TTN I S FMATYL WL 
LQFKI TEQRRI GQQQA 
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Gr22Bl (SEQ ID NO: 25) 

MFQPRRGFSCHLAWFMLQTTLYASWLLGLFPFTFDSRRKQLKRSRWLLLYGFVLHSL 
AMCLAMSSHLASKQRRKYNAFERNPLLEKIYMQFQWTFFTISVLLLMNVWKSNTVR 
KIANELLTLEGQVKDLLTLKNCPNFNCFVIKKHVAAIGQFVISIYFCLCQENSYPKI 
LKI LCCLPS VGLQL I IMHFHTE 1 1 LVYRYVWLVNETLEDSHHLS S SR I HALASLYDR 
LLKLS EL WACNDLQL I LML IIYLI GNTVQ IFFLI VLGVSMNKR Y I YLVAS PQL I IN 
FWDFWLNIWCDLAGKCGDQTSKVLKLFTDLEHDDEELERSLNEFAWLCTHRKFRFQ 
LCGLFS INHNMGFQMI ITSFLYLVYLLQFDFMNLC 

Gr23Ala (SEQ ID NO: 26) 

MKTLECLTRRFLEVIFSVLALVPLPPISQLGWLFLSLAIRCCWIVYFIYLLDVAISF 
SWVAIENVGNAVGTMLFVGNSVLGFALLLESVLKQKTHSQLEDLRVQTELQLQRLGM 
FGRSRHAAYLLPL I GVQFTCDLVRLATNFGETVS P VFC I SL PLMWLLRYRYVQLVQH 
VMDLNQRSIHLRRSLLSMASGNDLWQPYGVQECLQLQTLRTTYERIFECYETFSDCY 
GWGMLGLHLLT S F Q F VTNAYWM I MG I YDGGNVRS L I FNGATGI DFGT P I AT L F WHGD 
S GAENGRQ I GCL I S KL VKPQGS KL YNDLVS E FS LQTLHQRF WTAKD FF S LNLHLLS 
SMFAAWTYLVILIQFMFAERSSTRGSG 

Gr23Alb (SEQ ID NO: 27) 

MFPPTRVQASSRVVLKIFHFILVAFSLRSRRLSRLVLWLQFLGWLTWFISMWTQSVIY 
AQTIDCTLDCSLRHILTFFQTVSHAFIWTSFLDGFRIKQDQLDEPIAFEDSDPWLAF 
TVLAMLVPTLGVE YL VC SNAPE YAFR IRI YHLKTL P S FLALQVQ IIS F ILEVM KVNI R 
VRQTKLQLLILARELSCRWPQRKQKPQFSDQQAHRVKDLKRRYNDLHYLFVRINGYFG 
GSLLTI I I VHFAI FVSNSYWLFVDIRTRPWRI YAILLNLGFIFNVALQMAAACWHCQQ 
SYNLGRQIGCLISKLVKPQGSKLYNDLVSEFSLQTLHQRFWTAKDFFSLNLHLLSSM 
FAAWTYLVI L I QFMFAERS STRGS G 

Gr32Dl (SEQ ID NO: 28) 

MPIYEQVSDYEVGPPTKTNEFYSFFVRGWHALTIFNVYSLFTPISAQLFFSYRETDN 
VNQWI ELLL C I LTYTLTVF VCAHNTTSMLR IMNE I LQLDEE VRRQFGANLSQNFGFL V 
KFLVGITACQAYIIVLKIYAVQGEITPTSYILLAFYGIQNGLTATYIVFASALLRIVY 
IRFHFINQLLNGYTYGQQHRRKEGGARARRQRGDVNPNVNPALMEHFPEDSLFIYRMH 
NKLLRIYKGINDCCNLILVSFLGYSFYTVTTNCYNLFVQITGKGMVSPNILQWCFAWL 
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CLHVSLLALLSRSCGLTTTEVSNYIGDKISIFMSVFISRPMPHPKFLQGCMPSRRSIR 
ISGFHYQIDKFLTKSIKQEVQFTAYGFFAIDNSTLFKIFSAVTTYLVILIQFKQLEDS 

KVEDPVPEQT 

Gr3 9Dl (SEQ ID NO: 29) 

ML YS FHP YLKYFALLGLVPWS ES CAQS KFVQKVYSAI L 1 1 LNAVHFGI S I YFPQSAE 
LFLSLMVNVIVFVARIVCVTVIILQVMVHYDDYFRFCREMKYLGLRLQCELKIHVGR 
LKWQSYAKILALGIGFLVTVLPSIYVALSGSLLYFWSSLLSILIIRMQFVLVLLNVE 
LLGHHVSLLGIRLQNVLECHLMGANCTLDGNANRLCSLEFLLALKQSHMQLHYLFTH 
FNDLFGWSILGTYWLFSDSTVNIYWTQQVLVEVYEYKYLYATFSVFVPSFFNILVF 
CRCGEFCQRQSVLIGSYLRNLSCHPSIGRETSYKDLLMEFILQVEQNVLAINAEGFM 

STDNS LLM S I L AAKVT YL I VLMQ FS S V 
Gr3 9D2a (SEQ ID NO : 30) 

MGTRNRKLLFFLHYQRYLGLTNLDFS KS LH I YWLHGTWS STAI Q I WVGVFMAALLG 
AIjAESLYYMETKSQTGNTFDNAVILTTSVTQLLANLWLRSQQKSQVNLLQRLSQVVE 
LLQFE PYAVPQFRWLYR I WLLVCL I YGAMVTHFGI NWLTTMQ I SRVLTL IGFVYRCV 
LANFQFTCYTGMWILKKLLQVQVKQLEHLVSTTTI SMAGVAGCLRTHDE I LLLGQR 
ELIAVYGGVILFLFIYQVMQCILIFYISNLEGFHSSNDLVLIFCWLAPMLFYLILPL 
VWDIHNQANKTAKMLTKVPRTGTGLDRMIEKFLLKNLRQKPILTAYGFFALDKSTL 
FKLFTAI FT YMVI L VQF KEMENS TKS I NKF 

Gr3 9D2b (SEQ ID NO: 31) 

MDFQPGELCAYYRLCRYLGIFCIDYNPTKKKFRLRRSVLCYIVHFALQAYLVGCISV 
MVTYWRRCFKSELTTTGNHFDRLVMVIALGILWQNAWLIWLQAPHLRIVRQIEFYR 
RNHLANVRLLLPKRLLWL 1 1 ATNWYMANF I KTC I FEWLTDASRLFVITSLGF PLRY 
LVTS FTMGT YFCMVH I VRL VLD WNQ S Q I NA 1 1 D E S ADLKMT S PNRLRLR VC L EMHDR 
LMLLCNDE I S L VYGF I AWL S WMFAS LD VTGVI YLTMVI QTKKS I VLKL I TNWWL S P 
TFMTCAAS FMSNRVT I QANKTAKMLTKVPRTGTGLDRM I EKFLLKNLRQKP I LTAYG 
FFALDKSTLFKLFTAIFTYMVILVQFKEMENSTKSINKF 

Gr3 9D2c (SEQ ID NO : 32) 

MKRNAFEELRVQLRTLKWLGVLRFTIDFNKCLVRENASEERSAWLYLIGWGITCSL 
IVYSTYFPSHFIMGKHNTTGNCYALINIRSCSIVTMLIYTQLYIQRFRFVALLQSIL 
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RFNQ I SGSHRE EGRFAF YYYTHL S LL I I CMLNYAYGYWTAGVRLTT I P I YLLQ YGF S 
YLFLGQVWLFACIQQILLSILKYYNQWLKNIKSSKESREFYYNFCKYNQVIWLSY 
TEINHCFGLLLLLVTGLILLITPSGPFYLVSTIFEGRFRQNWQFSLMSFTAILWSLP 
WIVLLVLAMGRNDVQKEANKTAKMLTKVPRTGTGLDRMIEKFLLKNLRQKPILTAYG 
FFALDKSTLFKLFTAI FTYMVILVQFKEMENSTKS INKF 

Gr39D2d (SEQ ID NO: 33) 

MS KVCRDLR I YLRLLH I MGMMC WHFDS DHCQLVAT SGS ER YAWYAGC I L VSTTAGF 
IFALLHPSRFHIAIYNQTGNFYEAVIFRSTCWLFLVYVILYAWRHRYRDLVQHILR 
LNRRCASSCTNQQFLHNI ILYGMLTILCFGNYLHGYTRAGLATLPLALCMLVYI FAF 
LVLCLLLMFFVSLKQVMTAGLIHYNQQLCQGDL I SGLRGRQQI LKLCGGELNECFGL 
LMLPIVALVLLMAPSGPFFLISTVLEGKFRPDECLIMLLTSSTWDTPWMIMLVLMLR 
TNGISEEANKTAKMLTKVPRTGTGLDRMIEKFLLKNLRQKPILTAYGFFALDKSTLF 
KLFTAI FTYMVILVQFKEMENSTKS INKF 

Gr43Cl (SEQ ID NO: 34) 

MKSATSKWTALDVSVVVMAIVSGVYCGLFSLNDTLELNDRLNKIDNTLNAYNNFRRD 
RWRALGMAAVS LLAI S I LVGLDVGTWMR I AQDMNI AQS DTELNVH WY I PF YS L YF I LT 
GLQVNIANTAYGLGRRFGRLNRMLSSSFLAENNATSAIKPQKVSTVKNVSVNRPAMPS 
ALHAS LTKLNGETL P S E AAGDKAAARS L I LNVE LLKLGYF PAKNKGLLLKS LADSHE S 
LGKCVHLLSNSFGIAVLFILVSCLLHLVATAYFLFLELLSKRDNGYLWVQMLWICFHF 
LRLLMWEPCHLAARESRKTIQIVCEIERKVHEPILAEAVKKFWQQLLVVDADFSACG 
L CRVNRT I LTS FAS AI AT YLVI L I QFQRTNG 

Gr47Al (SEQ ID NO: 35) 

MAFTS SQLC S LLTKFTALNGLNT YYFDTKTNAFRVS S KL KI YCAI HHAL CVLALAHMS 
YSTASNLRVSVTVLTIGGTMACCVKSCWEKAQGIRNLARGLVTMEQKYFAGRPSGLLL 
KCRYY I K I T FGS I TLLR I HL I QP I YMRRLL PSQF YLNVGAYWLL YNMLLAAVLGF YFL 
LWEMCR I QKL INDQMTL I LARSGQRNRLKKMQHCLRL YS KLLLLCDQ FNSQLGHVAI W 
VLACKS WCQ I TFGYE I FQMVAAPKS IDLTMSMRVFVI FTYI FDAMNLFLGTDI SELFS 

TFRADSQRILRETSRLDRLLSMFALKLALHPKRWLLNVFTFDRKLTLTLLAKSTLYT 
I CCLQND YNKLKA 
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Gr58Al (SEQ ID NO: 36) 

MLLKFMYIYGIGCGLMPAPLKKGQFLLGYKQRWYLIYTACLHGGLLTVLPFTFPHYMY 
DDSYMSSNPVLKWTFNLTNITRIMAMFSGVLLMWFRRKRILNLGENLILHCLKCKT 
LDNRS KKYS KLRKRVRNVL FQML L VANL S I LLGAL I L FR I HS VQR I S KTAM I VAH I 
TQF I Y WFMMTGI CVI LL VLHWQ S ERLQ I AL KDLC S FLNHE ERNS LTL S ENKANRS 
LGKLAKLFKLFAENQRLWEVFRTFDLPIALLLLKMFVTNVNLVYHGVQFGNDTIE 
TSSYTRIVGQWWISHYWSAVLLMNWDDVTRRSDLKMGDLLREFSHLELVKRDFH 

LQLELFSDHLRCHPSTYKVCGLFIFNKQTSLAYFFYVLVQVLVLVQFDLKNKVEKR 
N 

Gr58A2 (SEQ ID NO: 37) 

MLHPKLGRVMNVVYYHSWFALMSTTLRIRSCRKCLRLEKVSRTYTIYSFFVGIFLFLN 
LYFMVPRIMEDGYMKYNIVLQWNFFVMLFLRAIAWSCYGTLWLKRHKIIQLYKYSLIY 
WKRFGHITRAI VDKKELLDLQESLARIMIRKI ILLYSAFLCSTVLQYQLLSVINPQI FL 
AFCARLTHFLHFLCVKMGFFGVLVLLNHQFLVIHLAINALHGRKARKKWKALRSVAAMH 
LKTLRLARR I FDM FD I ANATVF I NMFMTA INI L YHAVQ YSNS S I KSNGWGI LFGNGL I V 

FNFWGTMALMEMLDSWTSCNNTGQQLRQLSDLPKVGPKMQRELDYFTMQLRQNRLVYK 
ICGIVELDKPACLSYIGSILSNVIILMQFDLRRQRQPINDRQYLIHLMKNKTKV 

Gr58A3 (SEQ ID NO: 3 8) 

MNQYFLLHTYFQVSRL I GLCNLHYDS SNHRF I LNHVPTVVYCVI LNVVYLLVLPFALF 

VLTGNIYHCPDAGMFGVVYNWALTKLLTMLFLMSSWIQRRRLYKLGNDLMKMLHKF 

RFNLGNDCRNRCLCKGLLTSSRFVLLTQQLLTRDSWNCESNSSLRQAMVPYQSAAIV 

YAL IM I LLMS YVDMTVYMVEVAGNWLLVNMTQGVREMVQDLEVL PERNGI PREMGLMQ 

ILAAWRKLWRRCRRLDALLKQFVDI FQWQVLFNLLTTYI FS IAVLFRLWI YLEFDKNF 

HLWKGILYAIIFLTHHVEIVMQFSIFEINRCKWLGLLEDVGNLWDINYSGRQCIKSSG 

TILSRKLEFSLLYMNRKLQLNPKRVRRLHIVGLFDISNLTVHNMTRSIITNVLVLCQI 
AYKKYG 

Gr59Dl (SEQ ID NO: 39) 

MADLLKLCLRIAYAYGRLTGVINFKIDLKTGQALVTRGATLI S VSTHLL I FALLLYQT 
MRKSVVNVMWKYANSLHEYVFLVIAGFRWCVFLELVSRWSQRRTFVRLFNSFRRLYQ 
RNPDI IQYCRRS I VSKFFCVTMTETLHI I VTLAMMRNRLS IALALRI WAVLSLTAI IN 
VII TQ YYVATAC VRGR YALLNKDLQAI VTE S QSLVPNGGGVF VTKCC YLADRLER I AK 
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SQSDLQELVENLSTAYEGEWCLVITYYLNMLGTSYLLFSISKYGNFGNNLLVIITLC 
GIWFVFYVVDCWINAFNVFYLLDAHDKMVKLLNKRTLFQPGLDHRLEMVFENFALNL 
VRNPLKLHMYGLFEFGRGTSFAVFNSLLTHSLLLIQYDVQNF 

Gr59D2 (SEQ ID NO: 40) 

MVDLVKT I LL I AYWYGLAVGVSNFE VDWLTGEAI ATRRTT I YAAVHNAS L I TLL I L FN 
LGNNS LKS E F I S ARYLHE YFFMLMTAVR I S AVLL S L I TRW YQRS RF I R I WNQ I LAL VR 
DRPQWRGRW YRRS 1 1 L KF VF CVL S DS LHT I SDVS AQRKR I TADL I VKL S LLATLTT I 
FNMIVCQYYLAMVQVIGLYKILLQDLRCLVRQAECICSIRNRRGGVYSIQCCSLADQL 
DLIAERHYFLKDRLDEMSDLFQIQSLSMSLVYFFSTMGSIYFSVCSILYSSTGFGSTY 
WGLLLIVLSTASFYMDNWLSVNIGFHIRDQQDELFRVLADRTLFYRELDNRLEAAFEN 
FQLQLASNRHEFYVMGLFKMERGRL IAMLSS VI THTMVLVQWE IQN 

Gr59El (SEQ ID NO: 41) 

MRS S ATKGAKLKNS PRERL S S FNPQ YAERYKEL YRTLF WLLL I S VLANTAP I T I L PGC 
PNRFYRLVHLSWM I LWYGLFVLGS YWEFVLVTTQRVSLDRYLNAI E S AI YWH I FS IM 
LLTWQCRNWAPKLMTNIVTSDLNRAYTIDCNRTKRFIRLQLFLVGIFACLAIFFNIWT 
HKFWYRS ILS INS YVMPNI I SS I S FAQYYLLLQGIAWRQRRLTEGLERELTHLHS PR 
ISEVQKIRMHHANLIDFTKAVNRTFQYSILLLFVGCFLNFNLVLFLVYQGIENPSMAD 
FTKWVCMLLWLAMHVGKVCSILHFNQSIQNEHSTCLTLLSRVSYARKDIQDTITHFII 
QMRTNVRQHWCGVINLDLKFLTTLLVASADFFIFLLQYDVTYEALSKSVQGNVTRY 

Gr59E2 (SEQ ID NO: 42) 

MDSSYWENLLLTINRFLGVYPSGRVGVLRWLHTLWSLFLLMYIWTGSIVKCLEFTVEI 
PT I E KLL YLME F PGNMAT I AI LVYYAVLNRPLAHGAE LQ I ER 1 1 TGLKGKAKRL VYKR 
HGQRTLHLMATTLVFHGLCVLVDVVNYDFEFWTTWSSNSVYNLPGLMMSLGVLQYAQP 
VHFLWLVMDQMRMCLKELKLLQRPPQGSTKLDACYESAFAVLVDAGGGSALMIEEMRY 
TCNLIEQVHSQFLLRFGLYLVLNLLNSLVSICVELYLIFNFFETPLWEESVLLVYRLL 
WLAMHGGRIWFILSVNEQILEQKCNLCQLLNELEVCSSRLQRTINRFLLQLQRSIDQP 
LEACG I VTLDTRSLGGF IGVLMAI VI FL I Q I GLGNKSLMGVALNRSNWVYV 

Gr68Dl (SEQ ID NO: 43) 

MKI YQD I YP I S KPSQ I FAI LP F YSGDVDDGFRFGGLGRWYGRL VAL 1 1 L I GS LTLGED 
VLFAS KE YRLVAS AQGDTEE INRTI ETLLC 1 1 S YTMWLS S VQNASRHFRTLHD I AKI 
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DEYLLANGFRETYSCRNLTILVTSAAGGVLAVAFYYIHYRSGIGAKRQIILLLIYFLQ 
LLYSTLLALYLRTLMMNLAQRIGFLNQKLDTFNLQDCGHMENWRELSNL I EVLCKFRY 
I TENINCVAGVS LLF YFGF S F YTVTNQ S YLAFATLTAGS L S S KTE VADT I GL SCI WVL 
AET I TM I VI CSACDGLAS EVNGTAQ I LAR I YGKSKQFQNL I DKFLTKS I KQDLQFTAY 
GFFS I DNSTLFKI FS AVTT YLVI L I QFKQLEDS KNLS RS YQLVM 

Gr77El (SEQ ID NO: 44) 

M PRWLQL PGMS ALG I L YS LTR VFGLMATANWS PRG I KRVRQS L YLR I HGCVML I F VGC 
FS PFAFWC I FQRMAFLRQNR I LLM I GFNRYVLLLVCAFMTLWI HC FKQAE 1 1 GCLNRL 
LKCRRRLRRLMHTRKLKDSMDCLATKGHLLEVWLLSSYLLSMAQPIQILKDDPEVRR 
NFMYACSLVFVSVCQAILQLSLGMYTMAILFLGHLVRHSNLLLAKILADAEHIFESSQ 
KAGFWPNRQELYKGQQKWLALELWRLLHVHHQLLKLHRSICSLCAVQAVCFLGFVPLE 
CTIHLFFTYFMKYSKFILRKYGRSFPLNYFAIAFLVGLFTNLLLVILPTYYSERRFNC 
TRE I I KGGGLAFPSR I TVKQLRHTMHF YGLYLKNVEHVFAVSACGLFKLNNAI LFC IV 
GAI LE YLMI L I QFDKVLN 

b) Previously reported partial Gustatory Receptor 
sequences. Predicted proteins have been extended as 
disclosed in the subject application; extended sequence 
information is indicated in bold font. 

Gr28Al (SEQ ID NO: 45) 

CQLLNGYRTEHAGGNYLLASDFDRRLKVFLQWKTSDSAESASGRLGSQYTFVGHKKKQ 
TGLT I KLAENGFCCWVLLLRYFS VL I KI VKYKI P 

Gr57Bl (SEQ ID NO: 46) 

MAVLYFFREPETVFDCAAFICILQFLMGCNGFGIRRSTFRISWASRIYSMSVAIAAFC 
CLFGSLSVLLAEEDIRERLAKADNLVLSISALELLMSTLVFGVTVISLQVFARRHLGI 
YQRLAALDARLMSDFGANLNYRKMLRKNIAVLGIVTTIYLMAINSAAVQVASGHRALF 

LLFALCYTIVTGGPHFTGYVHMTLAEMLGIRFRLLQQLLQPEFLNWRFPQLHVQELRI 
RQWSMIQELHYLIQEINRVYALSLWAAMAHDLAMSTSELYILFGQSVGIGQQNEEEN 
GS C YRMLGYLALVM I PPL YKLL I APFYCDRT I YEARRCLRL VEKLDDWF PQKS SLRPL 

VESLMSWRIQAKIQFTSGLDWLSRKVIGLFTSILVNYLLILIQFAMTQKMGEQIEQQ 
KIALQEWIGF 
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Gr65Cl (SEQ ID NO: 47) 

MRVHQRQSAVI IQMGHPPFMSLKGGKSGFGS IWPSAMREWLLNRFTRQFLFLIVL 
VTQ I CGVATFVYNS KAQCFRQSGFLRF YS SLVL I FLALFL I VTTS KMFHNLQAVWPY 
VVGSVIILVVRIHGLLESAEIVELLNQMLRIMRQVNLMARHPNLFRLKHLLLLLLAL 
QNLLRSLNTIVGISNHSAEAYDSFLNSVILLIILAVLLSFLLQITINICLFWLIAT 
YSELHHCTRRI SNDMDKLRLHS VHE SGQFMVLVKQLQGI TEKLI RLRQNVFHI TVRI 
IRHFRFHWLCAIIYGLLPFFSLTAKDQNGFNFLIISALNIIFQWTIFAILSRES 

Gr93Fl (SEQ ID NO: 48) 

MTGKRAESWSRLLLLWLYRCARGLLVLSSSLDRDKLQLKATKQGSRNRFLHILWRCI 
WMIYAGLWPMLTSAVIGKRLESYADVLALAQSMSVSILAVISFVIQARGENQFREV 
LNRYLALYQRICLTTRLRHLFPTKFWFFLLKLFFTLCGCFHE I I PLFENSHFDDI S 
QMVGTGFGIYMWLGTLCVLDACFLGFLVSGILYEHMANNIIAMLKRMEPIESQDERY 
RMTKYRRMQLLCDFADELDECAAIYSELYHVTNSFRRILQWQILFYIYLNFINICLM 
LYQYILHFLNDDEWFVSIVMAFVKLANLVLLMMCADYTVRQSEVPKKLPLDIVCSD 
MDERWDK S VSLLLFETFLGQLQTQRLE I KVLGFFHLNNEF I LL I L S AI I SYLF I L I Q 
FG I TGGFEASED I KNFAD 

Gr93F2 (SEQ ID NO: 49) 

MQFWFGEELINLVNRFLQLFRRMQSLTNSPKNRFGDRAEFLLMFSKVFSLLFVFMAF 
RLMLSPWFLLTLVCDLYTSVGTGMITHLCFVGYLSIGVLYRDLNNYVDCQLRAQLRS 
LNGENNSFRNNPQPTRQAISNLDKCLYLYDEIHQVSRSFQQLFDLPLFLSLAQSLLA 
MSMVSYHAILRRQYSFNLWGLVIKLLIDWLLTMSVHSAVNGSRLIRRLSFENFYVT 

DSQSYHQKVSPGAIILRIKYNTFPILQLELFLGRLQHQELRVFPLGLFEVSNELTLF 

FLSAMVTYLVFLVQ 

Gr93F3 (SEQ ID NO: 50) 

MIERLKKVSLPALSAFILFCSCHYGRILGVICFDIGQRTSDDSLWRNRHQFKWFCL 
S CRLI S VTAVCCFCAP YVADI EDP YERLLQCFRLS ASLI CGICI I WQVCYEKELLR 
MIISFLRLFRRVRRLSSLKRIGFGGKREFFLLLFKFICLVYELYSEICQLWHLPDSL 
SLFATLCEIFLEIGSLMIIHIGFVGYLSVAALYSEVNSFARIELRRQLRSLERPVGG 
PVGRKQLRIVEYRVDECISVYDEIERVGRTFHRLLELPVLIILLGKIFATTILSYEV 
IIRPELYARKIGMWGLWKSFADVILLTLAVHEAVSSSRMMRRLSLENFPITDHKAW 
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HMKVSDLMVFLIKCIFFSRLQWEMFLSRLNFFEFRVRPLGLFEVSNEVILLFLSSMI 

TYFTYWQ 

Gr93F4 (SEQ ID NO: 51) 

MSFYARFLSLVCFRLRKQKDNNVWLEEIWSNRSRWKWISVTLRIVPLCIYAFTYAEW 

ISNRMLITEKFLHSCSLWSIPCYLSIIHLKICHGPEVTKLVNQYLHIFRLGTLDIR 

RRS Q FGGGREL FLL I L S VC CQ I HE Y VF I L VI AS RL CG FQH 1 1 WWVS YT Y VF 1 1 CNS I 

MCFGFIWHLSLGVLYAELNDNLRFESGFQTAFLRKQQRIRVQKSMALFKEISSWTS 
LQDIFlsrraLFLSALLTLLQVLVVWYKMIIDLGFSDFRIWSFSLKNLIQTLLPVLAIQ 
EAANQFKQTRERALD I FL VGKS KHWMKS VS KL I NQG I LQL I GLFNVSNELFL 1 1 VSA 
M F C YL VF VTQC VI VYRRR YVI 

Gr94El (SEQ ID NO: 52) 

MDFTSDYAHRRMVKFLTIILIGFMTVFGLLANRYRAGRRERFRFSKANLAFASLWAIA 
FSLVYGRQIYKEYQEGQINLKDATTLYSYMNITVAVINYVSQMIISDHVAKVLSKVPF 
FDTLKEFRLDSRSLYISIVLALVKTVAFPLTIEVAFILQQRRQHPEMSLIWTLYRLFP 
LIISNFLNNCYFGAMWVKEILYALNRRLEAQLQEVNLLQRKDQLKLYTKYYRMQRFC 
ALADELDQLAYRYRLIYVHSGKYLTPMSLSMILSLICHLLGITVGFYSLYYAIADTLI 
MGKP YDGLG S L INLVFL S I S LAE ITLLTHLCNHLLVATRRS AVILQEMNLQHAD S RYR 
QAVHGFTLLVTVTKYQIKPLGLYELDMRLISNVFSAVASFLLILVQADLSQRFKMQ 

Gr97Dl (SEQ ID NO: 53) 

MRFLRRQTRRLRS IWQRS LP VRFRRGKLHTQLVT I CLYAT VFLN I L YGVYLGRFS FRR 

KKF VFS KGLT I YS LF VATF FALF Y I WN I YNE I S TGQ I NLRDT I G I YC YMNVC VCL FNY 

VTQWEKTLQIIRFQNSVPLFKVLDSLDISAMIVWRAFIYGLLKIVFCPLITYITLILY 

HRRS I SE SQWTS VTTTKTMLPL I VSNQ INNCFFGGLVLANL I FAAVNRKLHGI VKEAN 

MLQSPVQMNLHKPYYRMRRFCELADLLDELARKYGFTASRSKNYLRFTDWSMVLSMLM 

NLLGITMGCYNQYLAIADHYINEEPFDLFLAIVLWFLAVPFLELVMVARISNQTLVE 
VIVI 

Gr98Bl (SEQ ID NO: 54) 

I ERFVCAQLVHEAYKQFASNGFRFLDALGCYEHSALGRARPLSRRGYAI KVSDHPATP 
PHYHMPPPKQPPSHLAVQHATLTSGLRQLSFSCVNCNCSRCCWSLPMHFRYIFNASLC 
NCQRQ*GY*TLSCRRHCTATKNISFSFCHISFVFLLKYDPKNPQLR 
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GrLUl=Gr3 6Bl (SEQ ID NO: 55) 

MFDWVGLLLKVLYYYGQIIGLINFEIDWQRGRVVAAQRGILFAIAINVLICMVLLLQI 
SKKFNLDVYFGRANQLHQYVIIVMVSLRMASLNRWRQRAQLMRLVECVLRLFLKKPHV 

KQMSRWAILVKFSVGWSNFLQMAISMESLDRLGFNEFVGMASDFWMSAIINMAISQH 
YLVI LFVRAYYHLLKTEVRQA IHES QMLS E I YPRRAAFMTKCC YLADRI DNI AKLQNQ 
LQSIVTQLNQVFGIQGIMVYGGYYIFSVATTYITYSLAINGIEELHLSVRAAALVFSW 
FLFYYTSAILNLFVMLKLFDDHKEMERILEERTLFTSALDVRLEQSVSFYPTITELKY 
RDLVLSQFESIQLQLIRNPLKIEVLDIFTITRSSSAAMIGSIITNSIFLIQYDMEYF 

GrLU2=Gr28A3 (SEQ ID NO: 56) 

MWLLRRS VGKSGNRPHDVYTC YRLTIFMALCLGI VP YYVS I S S EGRGKLTS SYIGYIN 
IIIRMAIYMVNSFYGAVNRDTLMSNFFLTDISNVIDALQKINGMLGIFAILLISLLNR 
KELLKLLATFDRLETEAFPRVLKNLAHQWDTRSLKAVNQKQRSLQCLDSFSMYTIVTK 
DPAEIIQESMEIHHLICEAAATANKYFTYQLLTIISIAFLIIVFDAYYVLETLLGKSK 
RESKFKTVEFVTFFSCQMILYLIAIISIVEGSNRAIKKSEKTGGIVHSLLNKTKSAEV 
KEKLQQFSMQLMHLKINFTAAGLFNIDRTLYFTISGALTTYLI ILLQFTSNSPNNGYG 
NGS S CCETFNNMTNHTL 

GrLU3=Gr64Al (SEQ ID NO : 57) 

MKGPNLNFRKTPSKDNGVKQVESLARPETPPPKFVEDSNLEFNVLASEKLPNYTNLDL 
FHRAVFPFMFLAQCVAIMPLVGIRESNPRRVRFAYKSIPMFVTLIFMIATSILFLSMF 
THLLKIGITAKNFVGLVFFGCVLSAYWFIRLAKKWPAWRIWTRTEIPFTKPPYEIP 
KRNLS RRVQLAAL AX I GL S LGEHAL YQVS AI LS YTRRI QMC ANITTVP S FNNYMQTNY 
D YVFQLLP YS P 1 1 AVLI LATCTFVWNYMDLF IMMI SKGL S YRFEQITTRI RKLEHEE V 
CESVFIQIREHYVKMCELLEFVDSAMSSLILLSCVNNLYFVCYQLLNVFNKLRWPINY 
I YFWYSLLYL I GRTAFVFLTAAD INEESKRGLGVLRRVS SRS WCVEVERL I FQMTTQT 
VALSGKKFYFLTRRLLFGMAGTIVTYELVLLQFDEPNRRKGLQP 

GrLU4 (SEQ ID NO: 58) 
IYILSLYIFFQFISNVSLIWLKLFRDI 
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GrLU7=Gr5Al (SEQ ID NO : 59) 

MRQLKGRNRCNRAVRHLKVQGKMWLKNLKSGLEQIRESQVRGTRKNFLHDGSFHEAV 
APVLAVAQCFCLMP VCG I S APTYRGL S FNRRS WRFWYS SLYLC ST S VDLAF S I RRVA 

HSVLDVRSVEPIVFHVSILIASWQFLNLAQLWPGLMRHWAAVERRLPGYTCCLQRAR 
PARRLKLVAFVLLWSLMEHLLSIISWYYDFCPRRSDPVESYLLGASAQLFEVFPY 
SNWLAWLGKIQNVLLTFGWSYMDIFLMMLGMGLSEMLARLNRSLEQQVRQPMPEAYW 
TWS RTLYRS I VELIREVDDAVSGIMLI S FGSNL YF ICLQLLKS INTMPS S AHAVYFY 

FSLLFLLSRSTAVLLFVSAINDQAREPLRLLRLVPLKGYHPEVFRFAAELASDQVAL 

TGLKFFNVTRKLFLAMAGTVATYELVLIQFHEDKKTWDCSPFNLD 



The family of receptors disclosed herein has a signature 
motif which comprises consecutive amino acids having the 
following sequence: 

-G-L/F-F-X-X-X-X-X-X-X-X-X-X-X-X-X-X-T-Y-L-V/I-L-V/I/L-Q- 
F- (SEQ ID NO: 60) , 

where X is any amino acid, and / means or. 

The invention provides an isolated nucleic acid encoding 
an insect gustatory receptor protein, wherein the receptor 
protein comprises seven transmembrane domains and a C- 
terminal domain, and the C- terminal domain comprises 
consecutive amino acids having the following sequence: 

-O-L/F-F-X-X-X-X-X-X-X-X-X-X-X-X-X-X-T-Y-L-V/I-L-V/I/L-Q- 
F- (SEQ ID NO: 60) , 

where X is any amino acid, and / means or. 
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The invention provides an isolated nucleic acid encoding 
an insect odorant receptor protein, wherein the receptor 
protein comprises seven transmembrane domains and a C- 
terminal domain, and the C- terminal domain comprises 
consecutive amino acids having the following sequence: 

-G-L/F-P-X-X-X-X-X-X-X-X-X-X-X-X-X-X-T-Y-L-V/I-L-V/I/L-Q- 
F- (SEQ ID NO: 60) , 

where X is any amino acid, and / means or. 

The invention provides an isolated nucleic acid molecule 
encoding an insect gustatory receptor protein, wherein the 
nucleic acid molecule encodes a protein selected from the 
group consisting of: 

(a) an insect gustatory receptor protein comprising 
consecutive amino acids having the sequence of 
any of the receptors disclosed herein; 

(b) an insect gustatory receptor protein which shares 

from 7-50% amino acid identity with any one of 
the proteins of (a) , and comprises seven 
transmembrane domains and a C- terminal domain, 
wherein the C-terminal domain comprises 
consecutive amino acids having the following 
sequence : 

-G-L/F-F-X-X-X-X-X-X-X-X-X-X-X-X-X-X-T-Y-L-V/I- 
L-V/I/L-Q-F- (SEQ ID NO: 60), 

where X is any amino acid, and / means or. 
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The invention provides an isolated nucleic acid molecule 
encoding an insect odorant receptor protein, wherein the 
nucleic acid molecule encodes a protein selected from the 
group consisting of: 

(a) an insect odorant receptor protein comprising 
consecutive amino acids having the sequence of 
any of the receptors disclosed herein; 

(b) an insect odorant receptor protein which shares 

from 7-50% amino acid identity with any one of 
the proteins of (a) , and comprises seven 
transmembrane domains and a C- terminal domain, 
wherein the C-terminal domain comprises 
consecutive amino acids having the following 
sequence: 

-G-L/P-P-X-X-X-X-X-X-X-X-X-X-X-X-X-X-T-Y-L-V/I- 
L-V/I/L-Q-F- (SEQ ID NO: 60), 

where X is any amino acid, and / means or. 



The invention provides an isolated nucleic acid encoding 
an insect gustatory receptor protein, wherein the nucleic 
acid molecule encodes a protein selected from the group 
consisting of: 



(a) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr2Bl in SEQ ID 
NO: 1, 



(b) an insect receptor protein comprising 
consecutive amino acids having a sequence 
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identical to that set forth for Gr8Dl in SEQ ID 
NO: 2, 



(c) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for GrlOBl in SEQ ID 
NO: 3, 



(d) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GrlOB2 in SEQ ID 
NO: 4, 

(e) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr2 8A2 in SEQ ID 
NO: 5, 

(f) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr2 8A4 in SEQ ID 
NO: 6, 

(g) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr33Cl in SEQ ID 
NO: 7, 



(h) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr3 6B2 in SEQ ID 
NO: 8, 
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an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr36B3 in SEQ ID 
NO: 9, 



an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr59Cl in SEQ ID 
NO: 10, 



an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr61Dl in SEQ ID 
NO: 11, 



an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr63Fl in SEQ ID 
NO: 12, 



an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr64A2 in SEQ ID 
NO: 13, 



an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for GR64A3 in SEQ ID 
NO: 14, 



an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr66Cl in SEQ ID 
NO: 15, 
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an insect receptor protein comprising 

consecutive amino acids having a sequence 
identical to that set forth for Gr92Dl in SEQ ID 
NO: 16, 

an insect receptor protein comprising 

consecutive amino acids having a sequence 
identical to that set forth for Gr98Al in SEQ ID 
NO: 17, 

an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr98A2 in SEQ ID 
NO: 18, 

an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr2940.1 in SEQ 
ID NO: 19, 

an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr2940.2 in SEQ 
ID NO: 20, 

an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr2940.3 in SEQ 
ID NO: 21, 

an insect receptor protein comprising 

consecutive amino acids having a sequence 
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identical to that set forth for Gr2940.4 in SEQ 
ID NO: 22, 



(w) an insect receptor protein comprising 

consecutive amino acids having a sequence 
identical to that set forth for Gr2940.5 in SEQ 
ID NO: 23, 

(x) an insect receptor protein comprising 

consecutive amino acids having a sequence 
identical to that set forth for Gr57Bl in SEQ ID 
y> NO: 46, 

.iSSBS, 

o 

£0 ( y> an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93Fl in SEQ ID 
NO: 48, 

(z) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93F2 in SEQ ID 
NO: 49, 

(aa) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93F3 in SEQ ID 
NO: 50, 

(bb) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93F4 in SEQ ID 
NO: 51, 



''; ~ 

m 
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(cc) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr94El in SEQ ID 
NO: 52, 

(dd) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr93Dl in SEQ ID 
NO: 53, 

(ee) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GrLUl=Gr36Bl in 
SEQ ID NO: 55, 

(ff) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GrLU2=Gr28A3 in 
SEQ ID NO: 56, 

(gg) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GrLU3=Gr64Al in 
SEQ ID NO: 57, 

(hh) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GrLU7 =Gr 5 Al in 
SEQ ID NO: 59, and 

(ii) an insect gustatory receptor protein which 
shares from 7-50% amino acid identity with any 
one of the proteins of (a) - (hh) , and comprises 
seven transmembrane domains and a C-terminal 
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domain, wherein the C-terminal domain comprises 
consecutive amino acids having the following 
sequence : 

-G-L/F-F-X-X-X-X-X-X-X-X-X-X-X-X-X-X-T-Y-L-V/I- 
L-V/I/L-Q-F- (SEQ ID NO: 60), 

where X is any amino acid, and / means or. 



In one embodiment, the insect odorant receptor protein 
shares at least 2 0% amino acid identity with any one of 
the proteins described herein. In one embodiment, the 
insect odorant receptor protein shares at least 30% amino 
acid identity with any one of the proteins described 
herein. In one embodiment, the insect odorant receptor 
protein shares at least 40% amino acid identity with any 
one of the proteins described herein. In one embodiment, 
the insect odorant receptor protein shares at least 50% 
amino acid identity with any one of the proteins described 
herein. In one embodiment, the insect odorant receptor 
protein shares at least 60% amino acid identity with any 
one of the proteins described herein. In one embodiment, 
the insect odorant receptor protein shares at least 70% 
amino acid identity with any one of the proteins described 
herein. In one embodiment, the insect odorant receptor 
protein shares at least 80% amino acid identity with any 
one of the proteins described herein. 



The invention provides an isolated nucleic acid molecule 
encoding an insect odorant receptor protein, wherein the 
nucleic acid molecule encodes a protein selected from the 
group consisting of: 
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an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr2Bl in SEQ ID 
NO: 1, 



an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr8Dl in SEQ ID 
NO: 2, 

an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for GrlOBl in SEQ ID 
NO: 3, 



an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for GrlOB2 in SEQ ID 
NO: 4, 



an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr2 8A2 in SEQ ID 
NO: 5, 



an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr2 8A4 in SEQ ID 
NO: 6, 



an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr33Cl in SEQ ID 
NO: 7, 
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an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr36B2 in SEQ ID 
NO : 8 , ' 

an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr36B3 in SEQ ID 
NO: 9, 

an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr59Cl in SEQ ID 
NO: 10, 

an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr61Dl in SEQ ID 
NO: 11, 

an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr63Fl in SEQ ID 
NO: 12, 

an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for Gr64A2 in SEQ ID 
NO: 13, 

an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GR64A3 in SEQ ID 
NO: 14, 
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(o) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr66Cl in SEQ ID 
NO: 15, 



(p) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr92Dl in SEQ ID 
NO: 16, 



(q) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr98Al in SEQ ID 
NO: 17, 

(r) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr98A2 in SEQ ID 
NO: 18, 



(s) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr2940.1 in SEQ 
ID NO: 19, 



(t) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr2940.2 in SEQ 
ID NO: 20, 



(u) 



an insect receptor protein comprising 
consecutive amino acids having a sequence 



identical to 
ID NO: 21, 
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that set forth for Gr2940.3 in SEQ 



(v) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr2940.4 in SEQ 
ID NO: 22, 

(w) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr2940.5 in SEQ 
ID NO: 23, 

(x) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr57Bl in SEQ ID 
NO: 46, 

(y) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93Fl in SEQ ID 
NO: 48, 

(z) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93F2 in SEQ ID 
NO: 49, 

(aa) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93F3 in SEQ ID 
NO: 50, 



(bb) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93F4 in SEQ ID 
NO: 51, 

(cc) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr94El in SEQ ID 
NO: 52, 

(dd) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for Gr93Dl in SEQ ID 
NO: 53, 

(ee) an insect receptor protein comprising 

consecutive amino acids having a sequence 

identical to that set forth for GrLUl=Gr36Bl in 
SEQ ID NO: 55, 

(ff) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GrLU2=Gr2 8A3 in 
SEQ ID NO: 56, 

(gg) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GrLU3=Gr64Al in 
SEQ ID NO: 57, 

(hh) an insect receptor protein comprising 
consecutive amino acids having a sequence 
identical to that set forth for GrLU7 =Gr 5A1 in 
SEQ ID NO: 59, and 
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(ii) an insect odorant receptor protein which shares 
from 7-50% amino acid identity with any one of 
the proteins of (a) - (hh) , and comprises seven 
transmembrane domains and a C-terminal domain, 
wherein the C-terminal domain comprises 
consecutive amino acids having the following 
sequence: 

-G-L/F-F-X-X-X-X-X-X-X-X-X-X-X-X-X-X-T-Y-L-V/I- 
L-V/I/L-Q-F- (SEQ ID NO: 60), 

where X is any amino acid, and / means or. 

In one embodiment, the insect gustatory receptor protein 
shares at least 20% amino acid identity with any one of 
the proteins described herein. In one embodiment, the 
insect gustatory receptor protein shares at least 3 0% 
amino acid identity with any one of the proteins described 
herein. In one embodiment, the insect gustatory receptor 
protein shares at least 40% amino acid identity with any 
one of the proteins described herein. In one embodiment, 
the insect gustatory receptor protein shares at least 50% 
amino acid identity with any one of the proteins described 
herein. In one embodiment, the insect gustatory receptor 
protein shares at least 60% amino acid identity with any 
one of the proteins described herein. In one embodiment, 
the insect gustatory receptor protein shares at least 70% 
amino acid identity with any one of the proteins described 
herein. In one embodiment, the insect gustatory receptor 
protein shares at least 80% amino acid identity with any 
one of the proteins described herein. 
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In one embodiment of any of the isolated nucleic acid 
molecules described herein, the insect gustatory or 
odorant receptor protein comprises seven transmembrane 
domains . 

In different embodiments of any of the isolated nucleic 
acid molecules described herein, the nucleic acid is DNA 
or RNA. In different embodiments, the DNA is cDNA, genomic 
DNA, or synthetic DNA. 

In one embodiment of any of the isolated nucleic acid 
molecules described herein, the nucleic acid molecule 
encodes a Drosophila receptor. 

The nucleic acid molecules encoding an insect gustatory or 
odorant receptor include molecules coding for polypeptide 
analogs, fragments or derivatives of antigenic 
polypeptides which differ from naturally-occurring forms 
in terms of the identity or location of one or more amino 
acid residues (deletion analogs containing less than all 
of the residues specified for the protein, substitution 
analogs wherein one or more residues specified are 
replaced by other residues and addition analogs where in 
one or more amino acid residues is added to a terminal or 
medial portion of the polypeptides) and which share some 
or all properties of naturally-occurring forms. 

These molecules include but not limited to: the 
incorporation of codons "preferred" for expression by 
selected non-mammalian hosts; the provision of sites for 
cleavage by restriction endonuclease enzymes; and the 
provision of additional initial, terminal or intermediate 
sequences that facilitate construction of readily 
expressed vectors. Accordingly, these changes may result 
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in a modified insect receptor. It is the intent of this 
invention to include nucleic acid molecules which encode 
modified insect receptors. Also, to facilitate the 

expression of receptors in different host cells, it may be 
necessary to modify the molecule such that the expressed 
receptors may reach the surface of the host cells. The 
modified insect receptor should have biological activities 
similar to the unmodified insect gustatory or odorant 
receptor. The molecules may also be modified to increase 
the biological activity of the expressed receptor. 

The invention provides a nucleic acid molecule comprising 
at least 12 nucleotides which specifically hybridizes with 
any of the isolated nucleic acid molecules described 
herein. 

In one embodiment, the nucleic acid molecule hybridizes 
with a unique sequence within the sequence of any of the 
nucleic acid molecules described herein. In different 
embodiments, the nucleic acid is DNA, cDNA, genomic DNA, 
synthetic DNA, RNA, or synthetic RNA. 

This invention provides a vector which comprises any of 
the isolated nucleic acid molecules described herein. In 
one embodiment, the vector is a plasmid. 

In one embodiment of any of the vectors described herein, 
any of the isolated nucleic acid molecules described 
herein is operatively linked to a regulatory element. 

Regulatory elements required for expression include 
promoter sequences to bind RNA polymerase and 
transcription initiation sequences for ribosome binding. 
For example, a bacterial expression vector includes a 
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promoter such as the lac promoter and for transcription 
initiation the Shine -Dalgarno sequence and the start codon 
AUG. Similarly, a eukaryotic expression vector includes a 
heterologous or homologous promoter for RNA polymerase II, 
a downstream polyadenylation signal, the start codon AUG, 
and a termination codon for detachment of the ribosome . 
Such vectors may be obtained commercially or assembled 
from the sequences described by methods well-known in the 
art, for example the methods described herein for 
constructing vectors in general. 

The invention provides a host vector system for production 
of a polypeptide having the biological activity of an 
insect gustatory or odorant receptor, which comprises any 
of the vectors described herein and a suitable host. In 
different embodiments, the suitable host is a bacterial 
cell, a yeast cell, an insect cell, or an animal cell. 

The host cell of the expression system described herein 
may be selected from the group consisting of the cells 
where the protein of interest is normally expressed, or 
foreign cells such as bacterial cells (such as E. coli) , 
yeast cells, fungal cells, insect cells, nematode cells, 
plant or animal cells, where the protein of interest is 
not normally expressed. Suitable animal cells include, 
but are not limited to Vero cells, HeLa cells, Cos cells, 
CV1 cells and various primary mammalian cells. 

The invention provides a method of producing a polypeptide 
having the biological activity of an insect gustatory or 
odorant receptor which comprising growing any of the host 
vector systems described herein under conditions 
permitting production of the polypeptide and recovering 
the polypeptide so produced. 
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The invention provides a purified insect gustatory or 
odorant receptor protein encoded by any of the isolated 
nucleic acid molecules described herein. This invention 
further provides a polypeptide encoded by any of the 
isolated nucleic acid molecules described herein. 

The invention provides an antibody which specifically 
binds to an insect gustatory or odorant receptor protein 
encoded by any of the isolated nucleic acid molecules 
described herein. In one embodiment, the antibody is a 
monoclonal antibody. In another embodiment, the antibody 
is polyclonal. 

The invention provides an antibody which competitively 
inhibits the binding of any of the antibodies described 
herein capable of specifically binding to an insect 
gustatory or odorant receptor. In one embodiment, the 
antibody is a monoclonal antibody. In another embodiment, 
the antibody is polyclonal. 

Monoclonal antibody directed to an insect gustatory or 
odorant receptor may comprise, for example, a monoclonal 
antibody directed to an epitope of an insect gustatory or 
odorant receptor present on the surface of a cell . Amino 
acid sequences may be analyzed by methods well known to 
those skilled in the art to determine whether they produce 
hydrophobic or hydrophilic regions in the proteins which 
they build. In the case of cell membrane proteins, 
hydrophobic regions are well known to form the part of the 
protein that is inserted into the lipid bilayer which 
forms the cell membrane, while hydrophilic regions are 
located on the cell surface, in an aqueous environment. 
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Antibodies directed to an insect gustatory or odorant 
receptor may be serum- derived or monoclonal and are 
prepared using methods well known in the art. For 
example, monoclonal antibodies are prepared using 
hybridoma technology by fusing antibody producing B cells 
from immunized animals with myeloma cells and selecting 
the resulting hybridoma cell line producing the desired 
antibody. Cells such as NIH3T3 cells or 293 cells which 
express the receptor may be used as immunogens to raise 
such an antibody. Alternatively, synthetic peptides may 
be prepared using commercially available machines. 

As a still further alternative, DNA, such as a cDNA or a 
fragment thereof, encoding the receptor or a portion of 
the receptor may be cloned and expressed. The expressed 
polypeptide may be recovered and used as an immunogen. 

The resulting antibodies are useful to detect the presence 
of insect gustatory or odorant receptors or to inhibit the 
function of the receptor in living animals, in humans, or 
in biological tissues or fluids isolated from animals or 
humans . 

This antibodies may also be useful for identifying or 
isolating other insect gustatory or odorant receptors. 
For example, antibodies against the Drosophila odorant 
receptor may be used to screen an cockroach expression 
library for a cockroach gustatory or odorant receptor. 
Such antibodies may be monoclonal or monospecific 
polyclonal antibody against a selected insect gustatory or 
odorant receptor. Different insect expression libraries 
are readily available and may be made using technologies 
well-known in the art. 
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One means of isolating a nucleic acid molecule which 
encodes an insect gustatory or odorant receptor is to 
probe a libraries with a natural or artificially designed 
probes, using methods well known in the art. The probes 
may be DNA, cDNA or RNA. The library may be cDNA or 
genomic DNA. 

The invention provides a method of transforming a cell 
which comprises transfecting a host cell with any of the 
vectors described herein. 

The invention provides a transformed cell produced by any 
of the methods described herein. In one embodiment, prior 
to being transfected with the vector the host cell does 
not express a gustatory or an odorant receptor protein. 
In one embodiment, prior to being transfected with the 
vector the host cell does not express a gustatory and an 
odorant receptor protein. In one embodiment, prior to 

being transfected with the vector the host cell does 
express a gustatory or odorant receptor protein. 

This invention provies a method of identifying a compound 
which specifically binds to an insect gustatory receptor 
which comprises contacting any of the transformed cells 
described herein, or a membrane fraction from said cells, 
with the compound under conditions permitting binding of 
the compound to the gustatory receptor, detecting the 
presence of any such compound specifically bound to the 
receptor, and thereby identifying the compound as a 
compound which specifically binds to an insect gustatory 
receptor. 

This invention provides a method of identifying a compound 
which specifically binds to an insect odorant receptor 



65 

which comprises contacting any of the transformed cells 
described herein, or a membrane fraction from said cells, 
with the compound under conditions permitting binding of 
the compound to the odorant receptor, detecting the 
presence of any such compound specifically bound to the 
receptor, and thereby identifying the compound as a 
compound which specifically binds to an insect odorant 
receptor. 

This invention provides a method of identifying a compound 
which specifically binds to an insect gustatory receptor 
which comprises contacting any of the purified insect 
gustatory receptor proteins described herein with the 
compound under conditions permitting binding of the 
compound to the purified gustatory receptor protein, 
detecting the presence of any such compound specifically 
bound to the receptor, and thereby identifying the 
compound as a compound which specifically binds to an 
insect gustatory receptor. 

This invention provides a method of identifying a compound 
which specifically binds to an insect odorant receptor 
which comprises contacting any of the purified insect 
odorant receptor proteins described herein with the 
compound under conditions permitting binding of the 
compound to the purified odorant receptor protein, 
detecting the presence of any such compound specifically 
bound to the receptor, and thereby identifying the 
compound as a compound which specifically binds to an 
insect odorant receptor. 

In one embodiment, the purified insect gustatory or 
odorant receptor protein is embedded in a lipid bilayer. 
The purified receptor may be embedded in the liposomes 
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with proper orientation to carry out normal functions. 
Liposome technology is well-known in the art. 

The invention provides a method of identifying a compound 
which activates an insect gustatory receptor which 
comprises contacting any of the transformed cells 
described herein, or a membrane fraction from said cells, 
with the compound under conditions permitting activation 
of the gustatory receptor, detecting activation of the 
receptor, and thereby identifying the compound as a 
compound which activates an insect gustatory receptor. 

The invention provides a method of identifying a compound 
which activates an insect odorant receptor which comprises 
contacting any of the transformed cells described herein, 
or a membrane fraction from said cells, with the compound 
under conditions permitting activation of the odorant 
receptor, detecting activation of the receptor, and 
thereby identifying the compound as a compound which 
activates an insect odorant receptor. 

The invention provides a method of identifying a compound 
which activates an insect gustatory receptor which 
comprises contacting any of the purified insect gustatory 
receptor proteins described herein with the compound under 
conditions permitting activation of the gustatory 

receptor, detecting activation of the receptor, and 
thereby identify the compound as a compound which 
activates an insect gustatory receptor. 

The invention provides a method of identifying a compound 
which activates an insect odorant receptor which comprises 
contacting any of the purified insect odorant receptor 
proteins described herein with the compound under 
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conditions permitting activation of the odorant receptor, 
detecting activation of the receptor, and thereby identify 
the compound as a compound which activates an insect 
odorant receptor. 

In one embodiment, the purified insect gustatory or 
odorant receptor protein is embedded in a lipid bilayer. 
The purified receptor may be embedded in the liposomes 
with proper orientation to carry out normal functions. 
Liposome technology is well-known in the art. 

The invention provides a method of identifying a compound 
which inhibits the activity of an insect gustatory 
receptor which comprises contacting any of the transformed 
cells described herein, or a membrane fraction from said 
cells, with the compound under conditions permitting 
inhibition of the activity of the gustatory receptor, 
detecting inhibition of the activity of the receptor, and 
thereby identifying the compound as a compound which 
inhibits the activity of an insect gustatory receptor. 

The invention provides a method of identifying a compound 
which inhibits the activity of an insect odorant receptor 
which comprises contacting any of the transformed cells 
described herein, or a membrane fraction from said cells, 
with the compound under conditions permitting inhibition 
of the activity of the odorant receptor, detecting 
inhibition of the activity of the receptor, and thereby 
identifying the compound as a compound which inhibits the 
activity of an insect odorant receptor. 

The invention provides a method of identifying a compound 
which inhibits the activity of an insect gustatory 
receptor which comprises contacting any of the purified 
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insect gustatory receptor proteins described herein with 
the compound under conditions permitting inhibition of the 
activity of the gustatory receptor, detecting inhibition 
of the activity of the receptor, and thereby identifying 
the compound as a compound which inhibits the activity of 
an insect gustatory receptor. 

The invention provides a method of identifying a compound 
which inhibits the activity of an insect odorant receptor 
which comprises contacting any of the purified insect 
odorant receptor proteins described herein with the 
compound under conditions permitting inhibition of the 
activity of the odorant receptor, detecting inhibition of 
the activity of the receptor, and thereby identifying the 
compound as a compound which inhibits the activity of an 
insect odorant receptor. 

In one embodiment, the purified insect gustatory or 
odorant receptor protein is embedded in a lipid bilayer. 
The purified receptor may be embedded in the liposomes 
with proper orientation to carry out normal functions. 
Liposome technology is well-known in the art. 

In one embodiment of any of the methods described herein, 
the compound is not previously known. 

The invention provides a compound identified by any of the 
methods described herein. In one embodiment, the compound 
is an alarm odorant ligand or a ligand associated with 
fertility. In one embodiment the compound interferes with 
chemosensory perception. 

The invention provides a method of combating ingestion of 
crops by pest insects which comprises identifying a 
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compound by any of the methods described herein and 
spraying the crops with the compound. 

The invention provides a use of a compound identified by 
any of the methods described herein for combating 
ingestion of crops by pest insects. 

The invention provides a use of a compound identified by 
any of the methods described herein for combating pest 
nuisances and disease-carrying insects by interfering with 
chemosensory perception. 

The invention provides a method of combating disease- 
carrying insects in an area which comprises identifying a 
compound by any of the methods described herein and 
spraying the area with the compound. 

The invention provides a method of controlling a pest 
population in an area which comprises identifying a 
compound any of the methods described herein and spraying 
the area with the compound. In one embodiment, the 
compound is an alarm odorant ligand or a ligand associated 
with fertility. In one embodiment the compound interferes 
with chemosensory perception. 

The invention provides a method of controlling a pest 
population which comprises identifying a compound by any 
of the methods described herein, wherein the compound 
interferes with an interaction between an odorant ligand 
and an odorant receptor which are associated with 
fertility. 



70 

The invention provides a composition which comprises a 
compound identified by any of the methods described herein 
and a carrier. 

The invention provides a method of preparing a composition 
which comprises identifying a compound by any of the 
methods described herein and admixing a carrier. The 
invention provides a method of preparing a composition 
which comprises identifying a compound by any of the 
methods described herein, recovering the compound free 
from the receptor, and admixing a carrier. The invention 
provides a method of preparing a composition which 
comprises identifying a compound by any of the methods 
described herein, recovering the compound from the cells 
or membrane fraction or receptor protein, and admixing a 
carrier. Examples of carriers include, but are not 
limited to, phosphate buffered saline, physiological 
saline, water, and emulsions, such as oil/water emulsions. 

The invention provides a use of a compound identified by 
any of the methods described herein for preparing a 
composition for controlling a pest population in an area 
by spraying the area with the compound. In one 

embodiment, the compound is an alarm odorant ligand or a 
ligand associated with fertility. In one embodiment the 
compound interferes with chemosensory perception. 

The invention provides a use of a compound identified by 
any of the methods described herein for preparing a 
composition for controlling a pest population. In one 
embodiment, the compound interferes with an interaction 
between an odorant ligand and an odorant receptor which 
are associated with fertility. In one embodiment the 
compound interferes with chemosensory perception. 
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This invention will be better understood from the 
Experimental Procedures which follow. However, one 
skilled in the art will readily appreciate that the 
specific methods and results discussed are merely 
illustrative of the invention as described more fully in 
the claims which follow thereafter. 



Experimental Details 
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Materials And Methods 
Experimental Animals 

Drosophila stocks were reared on standard cornmeal-agar- 
molasses medium at 25° C. Oregon R strains were used for 
in situ hybridization experiments, and yw or W1118 strains 
were used for transgene injections. P-element mediated 
germline transformations and all subsequent fly 
manipulations were performed using standard techniques 
St (Rubin et al . , 1985). In some cases, transgenic 

|3 constructs were injected as mixtures of two constructs, 

i;*"T; 

2j and progeny of individual transf ormants were analyzed by 

H polymerase chain reaction (PCR) to determine their 

it* 

rf genotype. All analyses were performed on two to five 

CP independent transgenic lines for each construct. 

fU Identification of additional GR genes 

" m A search for novel seven transmembrane domain receptors 

O was performed among 5660 predicted Drosophila proteins of 

ru 

'unknown function' (Adams et al . , 2000) using a 
transmembrane prediction program (TopPred) (von Heijne, 
1992) . 310 Drosophila genes were selected for in situ 
hybridization analysis, 20 of which were novel members of 
the GR gene family previously described (Clyne et al., 
2 000) . Additional members of the GR gene family were 
identified using BLAST (Altschul et al . , 1990) and hidden 
Markov model (Eddy, 1998) searches of Drosophila genome 
databases with existing GR members as templates. GRs were 
grouped into subfamilies by BLASTP comparisons (Altschul, 
et al., 1998) with an e value cutoff of 10" 5 . Sequence 
relationships between the GR gene family and the DOR genes 
were analyzed with HMMs (Eddy, 1998) , CLUSTAL alignments 
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and neighbor joining trees (Saitou and Nei, 1987; Higgins 
and Sharp, 1988), and NxN BLASTP (Rubin et al . , 2000) 
comparisons . 

Five GR genes were isolated by PCR from proboscis cDNA 
using primers corresponding to the extent of the predicted 
coding region. Proboscis cDNA was obtained from one 
thousand microdissected probosces, using Dynal mRNA Direct 
(610.11) and Perkin-Elmer GeneAmp (N808- 0017) kits. PCR 
products were cloned into pGEM-T (Promega) and sequenced 
in their entirety, using ABI 310 or 3 77 sequencing 
systems. An antennal cDNA library (kindly provided by Dr. 
Leslie Vosshall) was screened (3xl0 6 inserts) with PCR 
probes for Gr63Fl t GrlOBl, and Gr21Dl, and 6 independent 
cDNAS of Gr63Fl were isolated and sequenced. Sequences of 
Gr43Cl, Gr47Al, Gr58A3, and Gr59El matched the previously 
reported sequences (Clyne et al., 2000), and sequences of 
GrlOBl and Gr63Fl are included in the list above. 

In situ hybridization 

RNA in situ hybridization was performed as previously 
described (Vosshall et al . , 1999). Riboprobes for the 56 
GR genes were generated from PCR products corresponding to 
predicted exons and ranged from 300-800 bp in length. 
Newly eclosed flies were used for in situ hybridization 
experiments because hybridization signals were found to be 
more robust at this stage. 

Construction of GR transgenes 

Generation of 15 GR promoter -Gal4 transgenes was performed 
as previously described (Vosshall et al . , 2000). Briefly, 
sequences immediately adjacent to the predicted ATG 
initiation codon and a variable distance upstream were 
isolated by long range PCR with genomic DNA as template, 
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and upstream elements were cloned into a modified CaSpeR- 
AUG-Gal4 vector (Vosshall et al., 2000). Regulatory 
element lengths for each of the GR transgenes are as 
follows: Gr2Bl, 2.240 kB; G21D1, 9.323 kB; Gr22Bl f 8.249 
kB; Gr28A3, 4.245 kB; Gr32Dl, 3.776 kB; Gr47Al, 7.321 kB; 
Gr66Cl t 3.153 kB and GrSAl , 5.156 kB; GrlOBl, 0.656 kB; 
Gr33Cl, 3.315 kB; GT39D2A, 8 .227 kB; Gr59E2 f 2.586 kB ; 
Gr77El, 9.502 kB; Gr93Fl, 9.368 kB; Gr98Al, 1.086 kB . The 
first 7 transgenes drive reporter expression in 
chemosensory tissues; the remaining 8 transgenes were not 
detectably expressed in adults or larvae. 

Visualization of lacZ, GFP, and nSyb-GFP reporters 

GR promoter -Gal 4 lines were crossed to U AS -LacZ stocks, 
and whole mount heads of progeny were examined for B- 
galactosidase activity, following existing staining 
procedures (Wang et al . , 1998). To enhance visualization 
of sensilla in the proboscis labellum, probosces were 
bisected and pseudotracheae were removed by 
microdissection. Images were recorded using a Nikon SPOT- 
RT digital microscope system equipped with differential 
interference contrast . 

Progeny resulting from crosses of GR promoter -Gal 4 to UAS- 
GFP were examined for GFP expression by direct 
flourescence microscopy. Adult organs and live larvae 
were mounted in glycerol using small coverslips as spacers 
and GFP flourescence was recorded with a BioRad 1024 
conf ocal microscope . 

To visualize axonal projections of GR-bearing neurons, GR 
promoter -Gal4 flies were mated with UAS-nSyb-GFP, and 
brains of Fl progeny were examined by flourescent 
immunohistochemistry . Larval brains were dissected and 
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antibody staining was carried out as described in 
(Vosshall et al., 2000). Expression of nSyb-GFP was 
visualized with a rabbit anti-GFP antibody (Molecular 
Probes) and a goat ant i -rabbit secondary antibody coupled 
to Alexa Fluor 488 (Molecular Probes) . The nc82 

monoclonal antibody (Laissue et al . , 1999) was used to 
label brain neuropil and was visualized with goat anti- 
mouse IgG coupled to CY3 (Jackson ImmunoResearch) . Cell 
nuclei were counterstained with TOTO-3 (Molecular Probes) . 
Images were analyzed with a BioRad 1024 confocal 
microscope. 

RESULTS 

A Large Family of Candidate Chemoreceptors 

A novel family of putative seven transmembrane domain 
proteins was recently identified in searches of the 
Drosophila genome (Clyne et al . , 2000). Analysis of a 
database ' representing 60% of the Drosophila genome 
identified twenty-three full-length genes and 20 partial 
sequences. The expression of 19 genes was examined by RT- 
PCR analysis and revealed 18 transcripts in the proboscis 
label lum, suggesting that this novel gene family may 
encode the fly gustatory receptors (GRs) . The expression 
of these genes was characterized by in situ hybridization 
and transgene experiments and observe expression in both 
gustatory and olfactory chemosensory neurons in both 
larvae and adult flies. 

The gene family has been extended by analyzing the 
recently completed euchromatic genome sequence of 
Drosophila (Adams et al . , 2000) using reiterative BLAST 
searches (Altschul et al . , 1990), transmembrane domain 
prediction programs (von Heijne, 1992) , and hidden Markov 
model (HMM) analyses (Eddy, 1998) . These searches have 
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identified a total of 56 candidate GR genes in the 
Drosophila genome, including 23 GRs not previously 
described. As originally reported, these genes encode 
putative seven transmembrane domain proteins of about 480 
amino acids (Clyne et al . , 2000). The family as a whole is 
extremely divergent and reveals an overall sequence 
identity ranging from 7-70%. However, all genes share 
significant sequence similarity within a 33 amino 
signature motif in the putative seventh transmembrane 
domain in the C-terminus (Figure 1) . Analysis of the 
sequence of the 56 genes reveals the existence of four 
discrete subfamilies (containing ten, six, four and three 
genes) whose members exhibit greater overall sequence 
identity ranging from 40-70%. Twenty- two of the GR genes 
reside as individual sequences distributed throughout each 
of the Drosophila chromosomes, whereas the remaining genes 
are linked in the genome in small tandem arrays of two to 
five genes. 

The GR family shares little sequence similarity outside of 
the conserved C terminal signature in the putative seventh 
transmembrane domain and therefore searches of the genome 
database are unlikely to be exhaustive. Thus, this family 
of candidate gustatory receptors consists of a minimum of 
56 genes. Moreover, this analysis would not detect 
alternatively spliced transcripts, a feature previously 
reported for some members of this gene family (Clyne et 
al., 2000). cDNAs or RT PCR products were identified from 
six genes; verification of the gene predictions therefore 
awaits the isolation and sequencing of additional cDNAs . 

Interestingly, the 33 amino acid signature motif 
characteristic of the GR genes is present but somewhat 
diverged in 33 of the 70 members of the family of 
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Drosophila odorant receptor (DOR) genes. (Figure 1) . The 
DOR genes, however, possess additional conserved motifs 
not present in the GR genes and define a distinct family 
(Clyne et al . , 1999/ Vosshall et al . , 1999; Gao and Chess, 
1999; Vosshall et al . , 2000). These observations suggest 
that the putative gustatory and olfactory receptor gene 
families may have evolved from a common ancestral gene. 

GR Gene Expression in Olfactory and Gustatory Organs 

Insight into the specific problem of the function of these 
candidate receptor genes and the more general question as 
to how tastants are recognized and discriminated by the 
fly brain initially requires an analysis of the patterns 
of expression of the individual GR genes in chemosensory 
cells. In situ hybridization was performed on sagittal 
sections of the adult fly head with RNA probes obtained 
from all 56 family members. Six of the genes are 
expressed in discrete, topographically-restricted 
subpopulations of neurons within the proboscis (Figure 
2A) . Three of the genes revealed no hybridization to the 
proboscis but are expressed in spatially-defined sets of 
neurons within the third antennal segment, the major 
olfactory organ of the adult fly (Figure 2B) . The 
remaining genes show no hybridization to adult head 
tissues . 

Our analysis of the pattern of GR gene expression by in 
situ hybridization demonstrates that a small number of GR 
genes is transcribed in either the proboscis or the 
antenna, suggesting that this family encodes chemosensory 
receptors involved in smell as well as taste. However, 
expression of over 80% of the family members was not 
detected using these in situ hybridization conditions. 
The sequence of these GR genes does not reveal nonsense or 
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frameshift mutations that characterize pseudogenes. The 
inability to detect transcripts from the majority of the 
GR genes by in situ hybridization might result from low 
levels of expression of GR genes, expression in 
populations of chemosensory cells not amenable to analysis 
by in situ hybridization (e.g., leg, wing, or vulva), or 
expression at other developmental stages. 

Lines of flies expressing GR promoter transgenes were 
therefore generated to visualize the expression in a wider 
range of cell types with higher sensitivity. Transgenes 
were constructed in which putative GR promoter sequences 
(0.5-9.5 kb of DNA immediately upstream of the 
translational start) were fused to the Gal4 coding 
sequence (Brand and Perrimon, 1993) . Flies bearing GR 
transgenes were mated to transgenic flies that contain 
either B-galactosidase (lacZ) or green fluorescent protein 
(GFP) under the control of the Gal4-responsive promoter, 
UAS. GR promoter -Gal 4 lines were constructed with 

upstream sequences from 15 chemoreceptor genes and 
transgene expression was detected for 7 lines (Table 1) . 
Five of the genes that were expressed by transgene 
analyses were also detected by in situ hybridization. 

A spatial map of GR expression in the proboscis 

Expression of the GR transgenes in the proboscis was 
initially visualized using the UAS-lacZ reporter. The 
labellum of the proboscis is formed from the fusion of two 
labial palps, each containing 31-36 bilaterally symmetric 
chemosensory bristles arranged in four rows (Figure 3) 
(Arora et al . , 1987; Ray et al . , 1993). The sensilla of 
the first three columns contains four chemosensory neurons 
and a single mechanoreceptor cell whereas the sensilla in 
the most peripheral row are composed of only two 
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chemosensory neurons and one mechanoreceptor (Nayak and 
Singh, 1983; Ray et al . , 1993). Each labial palp 
therefore contains approximately 120 chemosensory neurons. 

The GR promoter -Gal 4 lines were crossed to UAS-lacZ flies 
and the progeny were examined for lacZ expression by 
staining of whole mount preparations of the labial palp. 
Five transgenic lines exhibit lacZ expression in sensory 
neurons of the labial sensilla (Figure 3) . The expression 
of each transgene is restricted to a single row of 
chemosensory bristles. Gr47Al, for example, is expressed 
in sensilla innervating the most peripheral row of 
bristles, whereas Gr66Cl is expressed in sensilla that 
occupy the most medial column (Figure 3) . Flies bearing a 
GR promoter -Gal 4 gene were also crossed with UAS-GFP 
stocks. The expression of GFP allows greater cellular 
definition and reveals that each receptor is expressed in 
a single neuron within a sensillum (Figure 4A, 4B) . The 
pattern of GR gene expression determined by GR promoter 
transgenes resembles that seen by in situ hybridization. 
However, co-expression of the transgene reporter and the 
endogenous gene could not be directly demonstrated by dual 
label in situ hybridization due to low levels of GR gene 
expression. Nevertheless, this pattern of expression, in 
which a receptor is expressed in only one neuron in a 
sensillum and in one sensillar row, is maintained in over 
50 individuals examined for each transgenic line and is 
also maintained in independent transformed lines for each 
GR transgene. 

Receptor Expression in Other Chemosensory Neurons 

Chemosensory bristles reside at multiple anatomic sites in 
the fly including the taste organs in the mouth, the legs 
and wings, as well as in the female genitalia (Table 1) 
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(Stocker, 1994) . Three sensory organs reside deep in the 
mouth: the labral sense organ (comprised of 10 
chemosensory neurons) and the ventral and dorsal cibarial 
organs (each containing six chemosensory neurons) (Stocker 
and Schorderet, 1981; Nayak and Singh, 1983) . The 
function of these specialized sensory organs is unknown, 
but their anatomic position and CNS projection pattern 
suggests that they participate in taste recognition 
(Stocker and Schorderet, 1981; Nayak and Singh, 1983) . 
Three of the five GR promoter -Gal 4 lines that are 
expressed in the proboscis are also expressed in the 
cibarial organs (Figure 4C; Table 1) . One gene, Gr2Bl, is 
expressed solely in the labral sense organ and is not 
detected in the proboscis labellum or in the cibarial 
organs (Figure 4D) . 

Chemosensory bristles also decorate both the legs and 
wings of Drosophila with about 40 chemosensory hairs on 
each structure (Nayak and Singh, 1983; Hartenstein and 
Posakony, 1989) . One gene, Gr32Dl, expressed both in the 
proboscis and cibarial organ, is also expressed in two to 
three neurons in the most distal tarsal segments of all 
legs (Figure 4E) . These results are consistent with the 
observation that exposure of the legs to tastants results 
in proboscis extension and feeding behavior (Dethier, 
1976) . The observation that members of this gene family 
are expressed in the proboscis and in chemosensory cells 
of the internal mouth organs and leg suggests that this 
gene family encodes gustatory receptors. 

Expression of Gustatory Receptors in Drosophila Larvae 

The expression of GR transgenes in larvae was also 
examined. The detection of food in larvae is mediated by 
chemosensors that reside largely in the antennal -maxillary 
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complex, a bilaterally symmetric anterior structure 
composed of the dorsal and terminal organs (Figure 5A; 
Table 1) (Stocker, 1994; Campos-Ortega and Hartenstein, 
1997; Heimbeck et al . , 1999). Each of the two larval 
chemosensory organs comprises about 40 neurons. Neurons 
of the dorsal organ primarily detect volatile odorants 
(Stocker, 1994) , whereas the terminal organ is thought to 
detect both soluble and volatile chemical cues (Heimbeck 
et al. , 1999) . 

The possiblity that members of the GR family are expressed 
in larval chemosensory cells was addressed by examining 
the larval progeny that result from crosses between GR 
promoter -Gal 4 and UAS-GFP flies. Examination of live 
larvae by direct fluorescent microscopy reveals that five 
of the seven GRs expressed in the adult are expressed in 
single neurons within the terminal organ (Figure 5 and 
Table 1) . GR-promoter fusions from each of the 5 genes 
show bilateral expression of GFP both in the neuronal cell 
body and in the dendrite. The dendrites extend anteriorly 
to terminate in the terminal organ, a dome-shaped 
structure that opens to the environment. In about 5% of 
the larvae, a second positive cell is observed in each of 
the lines. 

Gr2Bl is expressed in only a single neuron in the labral 
sense organ of the adult, but is expressed in an extensive 
population of chemosensory cells in larvae. This gene is 
expressed in two neurons innervating the dorsal organ, one 
neuron innervating the terminal organ, and a single 
bilaterally symmetric neuron innervating the ventral pit 
in each thoracic hemisegment (Figure 5C) . The ventral pit 
contains a single sensory neuron that may be involved in 
contact chemosensation. The GR genes are therefore likely 
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to play a significant role in chemosensory recognition in 
larvae as well as adults. 

The Diversity of GR expression in Individual Neurons 

Olfactory neurons of mammals as well as Drosophila express 
a single odorant receptor such that the brain can 
discriminate odor by determining which neurons have been 
activated (Ngai et al . , 1993; Ressler et al . , 1993; Vassar 
et al., 1993; Chess et al . , 1994; Gao et al . , 2000; 
Vosshall et al . , 2000). In contrast, nematode olfactory 
neurons and mammalian gustatory cells co-express multiple 
receptor genes (Bargmann and Horvitz, 1991; Troemel et 
al., 1995; Hoon et al . , 1999; Adler et al . , 2000). The 
diversity of GR gene expression in individual larval taste 
neurons was therefore examined. In larvae, most receptors 
are expressed in only one neuron in the terminal organ. 
Crosses between five GR promoter -Gal4 lines and flies 
bearing UAS-GFP reveal a single intensely stained neuron 
within each terminal organ. Seven lines bearing two 
different GR promoter -Ga.14 transgenes along with the UAS- 
GFP reporter were then generated. In every line bearing 
two GR promoter-Gal4 fusions, two GFP positive cells per 
terminal organ were observed (Figure 5F, 5G) . These 
experiments demonstrate that individual gustatory neurons 
of larvae express different complements of receptors and 
are likely to respond to different chemosensory cues. 

The Projections of Larval Chemosensory Neurons to the 
Brain 

In other sensory systems, a spatial map of receptor 
activation in the periphery is maintained in the brain 
such that the quality of a sensory stimulus may be encoded 
in spatially defined patterns of neural activity. GR 
promoter-Gal4 transgenes were therefore used to drive the 
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expression of UAS-nSyb-GFP to visualize the projections of 
sensory neurons expressing different GR genes. nSyb-GFP 
is a C-terminal fusion of green fluorescent protein to 
neuronal synaptobrevin that selectively labels synaptic 
vesicles, allowing the visualization of terminal axonal 
projections (Estes et al., 2000). Whole mount brain 
preparations from transgenic flies were examined by 
immunofluorescence with an antibody against GFP and a 
monoclonal antibody, nc82, which labels neuropil and 
identifies the individual glomeruli in the antennal lobe 
(Laissue et al . , 1999). These experiments were initially 
performed with larvae because of the relative simplicity 
of the larval brain and the observation that a given GR is 
expressed in only a small number of gustatory neurons. 

The Drosophila larval brain is composed of two dorsal 
brain hemispheres fused to the ventral hindbrain (Figure 
6A) . The brain hemispheres and the hindbrain contain an 
outer shell of neuronal cell bodies and a central fibrous 
neuropil. Determination of the number of neuroblasts and 
the number of cell divisions suggest that there are 
approximately 10,000-15,000 neurons in the larval brain, a 
value 10-20 fold lower than in the adult (Hartenstein and 
Campos -Ortega, 1984; Hartenstein et al . , 1987; Truman et 
al., 1993). Chemosensory neurons send axonal projections 
to two distinct regions of the larval brain, the antennal 
lobe and the subesophageal ganglion (SOG) (Stocker, 1994; 
Heimbeck, et al . , 1999). The antennal lobe is a small 
neuropil in the medial aspect of the deuterocerebrum 
within each brain hemisphere. The antennal lobe receives 
input from neurons of the dorsal and terminal organ and 
presumably participates in processing olfactory 
information. The SOG resides in the most anterior aspect 
of the hindbrain, at the juncture of the hindbrain with 
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the brain hemispheres. The SOG receives input from the 
terminal organ and mouthparts and is thought to process 
gustatory information. Whereas the projections of 

populations of chemosensory cells have been traced to the 
antennal lobe and the SOG, the patterns of axonal 
projections for individual sensory cells have not been 
described. Moreover, the connections of chemosensory 
axons with second order brain neurons is unknown for the 
larval brain. 

Gr32Dl-Gal4 is expressed in multiple neurons in the 
proboscis of the adult, but it is expressed in only a 
single neuron in the terminal organ of larvae (Figure 5B) . 
In larvae containing the Gr32Dl-Gal4 and UAS-nSyb-GFP 
transgenes, it is possible to visualize the axons of 
Gr32Dl- expressing cells as they course posteriorly to 
enter the subesophageal ganglion (data not shown) . The 
axons then turn dorsally and intensely stained fibers 
terminate in the medial aspect of the SOG (Figure 6C) . A 
similar pattern is observed for neurons expressing Gr66Cl 
(Figure 6B,D) , a gene expressed in the proboscis in the 
adult and in a single neuron in the terminal organ and two 
in the mouth of larvae (Figure 5E) . However, the terminal 
arbors of Gr66Cl neurons are consistently thicker than 
that observed for Gr32Dl, perhaps reflecting the increased 
number of Gr66Cl -bearing neurons. The reporter nSyb-GFP 
stains axons only weakly but shows intense staining of 
what is likely to be terminal projections of sensory 
neurons that synapse on second order neurons in the 
neuropil of the SOG. This terminal arbor extends for 
about 40 urn and reveals a looser, more distributed pattern 
that the tight neuropil of the olfactory glomerulus. The 
position and pattern of the terminal projections from 
individual chemosensory cells in the terminal organ show 
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bilateral symmetry and are maintained in over 2 0 larvae 
examined. 

A more complex pattern of projections is observed for 
Gr2Bl r a gene expressed in one neuron in the terminal 
organ, two in the dorsal organ, and a single bilaterally 
symmetric neuron in each thoracic hemisegment (Figure 5C) . 
One set of fibers appears to terminate in the antennal 
lobe (Figure 6E) . A second more posterior set of fibers 
can be traced from the thorax into the hindbrain, with 
fibers terminating posterior to the antennal lobe (Figure 
6E) . This pattern of projections is of interest for it 
implies that neurons in different locations in larvae that 
express the same receptor project to discrete locations in 
the larval brain, suggesting the possibility that the same 
chemosensory stimulus can elicit distinct behavioral 
outputs . 

An attempt was made to determine whether neurons in the 
terminal organ that express different GRs project to 
discrete loci within the SOG. Larvae that express two 
promoter fusions, Gr66Cl-Gal4 and Gr32Dl-Gal4, along with 
a UAS-nSyb-GFP transgene were generated. The projections 
in these flies are broadened, suggesting that these sets 
of neurons terminate in overlapping but non- identical 
regions of the SOG (Figure 6F) . More definitive data to 
support the existence of a topographic map of taste 
quality will require two color labelling of the different 
fibers to discern whether the projections from neurons 
expressing different GRs are spatially segregated in the 
SOG. 

Are GRs also Odorant Receptors? 

A large family of presumed olfactory receptor genes in 
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Drosophila (the DOR genes) has been identified that is 
distinct from the GR gene family (Clyne et al . , 1999; Gao 
and Chess, 1999; Vosshall et al . , 1999; Vosshall et al . , 
2000) . Expression of the DOR genes is only observed in 
olfactory sensory neurons within the antenna and maxillary 
palp, where a given DOR gene is expressed in a spatially 
invariant subpopulation of cells (Clyne et al . , 1999; Gao 
and Chess, 1999; Vosshall et al . , 1999; Vosshall et al . , 
2000) . In situ hybridization experiments demonstrate that 
three members of the GR gene family are also expressed in 
subpopulations of antennal neurons (Figure 2B) . These 
observations suggest either that the odorant receptors in 
Drosophila. are encoded by at least two different gene 
families or that previously unidentified taste responsive 
neurons reside within the antenna. 

In Drosophila, olfactory information is transmitted to the 
antennal lobe, whereas gustatory neurons in the proboscis 
and mouth relay sensory information to the subesophageal 
ganglion (Stocker, 1994) . The spatial pattern of 

expression of GRs in the antenna and the pattern of 
projections of their sensory axons in the brain were 
therefore examined. In situ hybridization with the three 
GR genes reveals that each gene is expressed in about 20- 
3 0 cells/gene in the antenna (Figure 2B) . Similar results 
are obtained in a cross between an antennal GR promoter- 
Gal4 line, Gr21Dl-Gal4 l and UAS-LacZ or UAS-GFP lines 
(Figure 7A, 7B) . This pattern of GR gene expression is 
maintained in over 50 antennae that have been analyzed. 
The GR-positive cells occupy regions of the antenna that 
do not express identified members of the DOR gene family 
(Vosshall et al . , 2000), suggesting that there is spatial 
seggregation of these two receptor families. 
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Whether antennal neurons expressing a GR gene project to 
the antennal lobe in a manner analogous to that observed 
for cells expressing the DOR genes was next addressed. 
Transgenic flies expressing a Gr21Dl promoter-Gal4 fusion 
were crossed to animals bearing the UAS-nSyb-GFP 
transgene. These studies demonstrate that neurons 

expressing the Gr21Dl transgene project to a single, 
bilaterally symmetric glomerulus in the ventral -most 
region of the antennal lobe (the V glomerulus) (Figure 7C) 
(Stocker et al . , 1990; Laissue et al . , 1999) and do not 
project to the SOG. Thus, as in the case of the family of 
DOR genes (Gao et al . , 2000; Vosshall et al., 2000), 
neurons expressing the same receptor project to a single 
spatially invariant glomerulus. 

Gr21Dl is also expressed in one cell of the terminal organ 
of larvae (Figure 5D) . The projections of Gr21Dl-bearing 
neurons were therefore traced to the larval brain. Gr21Dl 
axons enter the larval brain and terminate in the antennal 
lobe rather than the SOG (Figure 6G) . The segregation of 
projections from presumed olfactory and gustatory neurons 
is apparent in larvae that contain Gr21Dl-Gal4 and Gr66Cl- 
Gal4 along with UAS-nSyb-GFP . In these transgenic flies, 
two distinct sets of termini are observed, one entering 
the SOG, and a second entering the antennal lobe (Figure 
6H) . 

Thus, a member of the GR gene family is expressed in 
sensory neurons of the antenna and the terminal organ of 
larvae, and GR-bearing neurons project to the antennal 
lobe. These data indicate that at least two independent 
gene families, the DORs and the GRs, recognize olfactory 
information. The GR gene family is therefore likely to 
encode both olfactory and gustatory receptors, and neurons 
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expressing distinct classes of GR receptors project to 
different regions of the fly brain. 
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Table 1. Summary of Drosophila chemosensory tissues and 
GR transgene expression patterns. 

The table summarizes the expression patterns of GR 
promoter -Gal 4 transgenes in adult and larval chemosensory 
tissues. Adult Drosophila sense gustatory cues with 
chemosensory bristles on the labellum of the proboscis, 
legs and wings, and with specialized structures of the 
internal mouthparts, the cibarial organs and the labral 
sense organ. Gustatory neurons on the proboscis send 
axonal projections to the subesophageal ganglion (SOG) . 
Sensory neurons on the antenna recognize olfactory cues 
and project to the antennal lobe (AL) . In Drosophila 
larvae, gustatory cues are recognized by neurons 
innervating the terminal organ and possibly the ventral 
pits, and olfactory cues are recognized by neurons 
innervating the dorsal organ and the terminal organ. 
Gustatory tissues are highlighted in blue and olfactory 
tissues are highlighted in pink. The schematic of the 
adult fly is adapted from Stocker (1994) . The schematic 
of the larva is adapted from Struhl (1981) . 
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DISCUSSION 

A Family of Gustatory and Olfactory Receptors 

Specialized sense organs have evolved to recognize 
chemosensory information in the environment. The antennae 
in insects, the amphid in nematodes, and the nose of 
mammals allow the recognition of a vast repertoire of 
volatile odorants often over long distances. Taste organs 
have evolved to accommodate a distinct function, the 
recognition of soluble chemical cues over shorter 
distances. In vertebrates, taste is largely restricted to 
the tongue and palate, whereas in insects, gustatory 
neurons are more broadly distributed along the body plan 
and reside not only in the proboscis and pharynx but also 
on the wings, legs, and female genitalia. Anatomic and 
functional segregation of the gustatory and olfactory 
systems is not only apparent in the peripheral receptor 
field but in the projections to the brain. In the fly, 
for example, olfactory neurons project to the antennal 
lobe, whereas most gustatory neurons ultimately synapse 
within the subesophageal ganglion. This separation is 
also observed in vertebrates where taste and smell are 
accommodated by distinct sense organs and conveyed to 
different brain regions by different cranial nerves. 
Thus, a common sensory function, the recognition of 
chemical cues, has undergone specialization to allow for 
the recognition of at least two distinct categories of 
chemosensory information, each eliciting distinct 
behavioral responses . 

This study has characterized the patterns of expression of 
a large family of genes in Drosophila that are likely to 
encode both odorant and gustatory receptors. A family of 
candidate taste receptors was identified by searching the 
Drosophila genome with an algorithm designed to detect 
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genes encoding seven transmembrane domain proteins (Clyne 
et al . , 2000). This analysis was extended through a 
search of the complete euchromatic genome of Drosophila 
and identify 56 genes within the family. All of the GR 
genes contain a signature motif in the carboxyl terminus 
that is also present within some members of the DOR gene 
family, suggesting that these two families share a common 
origin. 

The GR family of proteins was tentatively identified as 
gustatory receptors solely on the basis of PCR analysis of 
proboscis RNA (Clyne et al., 2000). In situ hybridization 
and transgene experiments demonstrate that members of this 
gene family are expressed in the antennae, proboscis, 
pharynx, leg, and larval chemosensory organs. Thus, a 
single gene family encodes chemosensory receptors 
containing both olfactory and gustatory receptors. Flies 
bearing GR promoter transgenes were generated from 15 GR 
genes. Expression is observed in seven lines and is 
restricted to chemosensory cells. No expression is 
detected in other neurons or in non-neuronal cells. These 
data suggest that the expression of this family is limited 
to gustatory and olfactory neurons, and that the inability 
to observe expression in 8 transgenic lines perhaps 
reflects the structural inadequacy of the promoters. 

A common gene family encoding both olfactory and taste 
receptors is not present in vertebrates where the main 
olfactory epithelium, the vomeronasal organ and the tongue 
express receptors encoded by independent gene families 
(Buck and Axel, 1991; Dulac and Axel, 1995; Herrada and 
Dulac, 1997; Matsunami and Buck, 1997; Ryba and 
Tirindelli, 1997; Hoon et al . , 1999; Adler et al . , 2000; 
Matsunami et al . , 2000). The observations described 
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herein are more reminiscent of the chemosensory receptor 
families in C. elegans that encode odorant receptors 
expressed in the amphid neurons and taste receptors in 
sensory neurons responsive to soluble chemicals (Troemel 
et al., 1995; Troemel, 1999). 

Patterns of GR Gene Expression and Taste Modalities 

The size of the family of candidate taste receptors and 
the pattern of expression in chemosensory cells provides 
insight into the problem of the recognition and 
discrimination of gustatory cues. On average, each GR is 
expressed in 5% of the cells in the proboscis labellum, 
suggesting that the proboscis alone will contain at least 
20 distinct taste cells expressing about 20 different GR 
receptors. Moreover, a given receptor is expressed in 

one of the four rows of sensilla such that the sensilla in 
different rows are likely to be functionally distinct. 
Electrophysiologic studies have suggested that all 
sensilla are identical and contain four distinct cells 
each responsive to a different category of taste (Dethier, 
1976; Rodriques and Siddiqi, 1978; Fuj ishiro et al 
1984) . The data presented herein are not consistent with 
these conclusions and argue that different rows of 
sensilla are likely to contain cells with different taste 
specificities . 

At present the nature of the ligands recognized by these 
GR receptors are not known, nor is it known whether all 
taste modalities are recognized by this gene family. In 
mammals, gustatory cues have classically been grouped into 
five categories: sweet, bitter, salt, sour and glutamate 
{umami) (Kinnamon and Margolskee, 1996; Lindemann, 1996; 
Gilbertson et al . , 2000). Sugar and bitter taste are 
likely to be mediated by G protein-coupled receptors since 
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these modalities require the function of a taste cell- 
specific G a subunit, gustducin (McLaughlin et al . , 1992; 
Wong et al . , 1996). Recently, two novel families of seven 
transmembrane proteins (the TIRs and T2Rs) were shown to 
be selectively expressed in taste cells in the tongue and 
palate epithelium (Hoon et al . , 1999; Adler et al . , 2000; 
Matsunami et al . , 2000). Genetic experiments implicated 
members of the T2R family in the recognition of bitter 
tastants (Adler et al . , 2000; Matsunami et al . , 2000) and 
functional studies directly demonstrated that members of 
the T2R family serve as gustducin- linked bitter taste 
receptors. (Chandrashekar et al., 2000). A large number 
of candidate genes have been suggested to encode receptors 
for other taste modalities but in only a few instances 
have functional data and expression patterns supported 
these assumptions. In mammals, an amiloride-sensitive 
sodium channel has been suggested as the salt receptor 
(Heck et al . , 1984), a degenerin homolog (MDEG-1) (Ugawa 
et al . , 1998) and a potassium channel (Kinnamon et al . , 
1988) as sour or pH sensors, and a rare splice form of the 
metabotropic glutamate receptor as the umami sensor 
(Chaudhari et al., 2000). In Drosophila, genetic analysis 
of mutant flies defective in the recognition of the sugar, 
trehalose, has led to the identification of a 
transmembrane receptor distinct from GRs that reduces the 
sensitivity to one class of sugars (Ishimoto et al . , 
2 000) . The interpretation of the role of these putative 
taste receptors in taste perception awaits a more 
definitive association between tastant and gene product. 

The Logic of Taste Discrimination 

How does the fly discriminate among multiple tastants? 
One mechanism of chemosensory discrimination, thought to 
operate in the olfactory system of insects and 
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vertebrates, requires that individual sensory neurons 
express only one of multiple receptor genes (Buck and 
Axel, 1991; Ngai et al . , 1993; Ressler et al . , 1993; 
Vassar et al . , 1993; Chess et al . , 1994; Clyne et al., 
1999; Gao and Chess, 1999; Vosshall et al . , 1999). 
Neurons expressing a given receptor project axons that 
converge on topographically invariant glomeruli such that 
different odors elicit different patterns of spatial 
activity in the brain (Ressler et al . , 1994; Vassar et 
al., 1994; Mombaerts et al . , 1996; Wang et al . , 1998; Gao 
et al., 2000; Vosshall et al . , 2000). The nematode C. 
elegans uses a rather different logic, in which a given 
sensory neuron dictates a specific behavior but expresses 
multiple receptors (Bargmann and Horvitz, 1991; Troemel et 
al., 1995; Troemel et al . , 1997). In the worm olfactory 
system, discrimination is necessarily more limited and 
exploits mechanisms to diversify the limited number of 
sensory cells (Colbert and Bargmann, 1995; Troemel et al . , 
1999; L f Etoile and Bargmann, 2000) . A similar logic has 
been suggested for mammalian taste. Several members of 
the T2R family of about 5 0 receptor genes, each thought to 
encode bitter sensors, are co-expressed in sensory cells 
within the tongue (Adler et al . , 2000). This organization 
allows the organism to recognize a diverse repertoire of 
aversive tastants but limits the ability to discriminate 
among them. 

What can be discerned about the logic of taste 
discrimination from the pattern of GR gene expression in 
Drosophila? First, the number of GR genes, 56, 

approximates the number of DOR genes, suggesting that the 
fly recognizes diverse repertoires of both soluble and 
volatile chemical cues. Moreover, the data presented 
herein argue that individual sensory neurons differ with 
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respect to receptor gene expression and are therefore 
functionally distinct. Experiments with Drosophila larvae 
demonstrate that a given GR gene is expressed in one 
neuron in the larval terminal organ. Strains bearing two 
different GR-promoter fusions reveal twice the number of 
expressing cells. Similar results are obtained in adult 
gustatory organs (data not shown) . More definitive 
experiments to examine the diversity of receptor 
expression in a single neuron, employed successfully in 
the olfactory system, have been difficult since the levels 
of GR RNA are 10-20 fold lower than odorant receptor RNA 
levels. Nevertheless, experiments described herein 

demonstrate that different gustatory neurons express 
different complements of GR genes and at the extreme are 
consistent with a model in which gustatory neurons express 
only a single receptor gene. 

How does the brain discern which of the different 
gustatory neurons is activated by a given tastant? As in 
other sensory systems, it is possible that axons from 
different taste neurons segregate to spatially distinct 
loci in the subesophageal ganglion. In such a model, 
taste quality would be represented by different spatial 
patterns of activity in the brain. Preliminary 
experiments suggest that neurons expressing different GRs 
project to spatially segregated loci within the brain. 
Clear segregation of axonal termini is observed for 
presumed taste neurons that project to the SOG and 
olfactory neurons that project to the antennal lobe. A 
second interesting pattern of projections is observed for 
the presumed gustatory receptor Gr2Bl, a gene expressed in 
neurons in the terminal and dorsal organs and in a single 
neuron in the ventral pit present bilaterally in each 
thoracic segment. At least two spatially segregated 
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targets are observed for these neurons in the larval 
brain: one set of fibers terminates in glomeruli of the 
antennal lobe and a second set of fibers (from the ventral 
pits) project to the SOG. Thus, neurons expressing the 
same receptor in different chemosensory organs project to 
distinct brain regions. In this manner, the same 

chemosensory cue could elicit distinct behaviors depending 
upon the cell it activates. Sucrose, for example, could 
ellicit chemoat tract ion upon exposure to the thoracic 
neurons and eating behavior upon activation of neurons in 
the terminal and dorsal organ. 

These data establish that presumed olfactory neurons and 
gustatory neurons expressing GR genes project to different 
regions of the larval brain. Taste neurons expressing 
different GR genes, however, all project to the SOG. The 
current data do not permit us to discern whether axons 
from neurons expressing different GR genes project to 
spatially distinct loci within the SOG. The axon termini 
of gustatory neurons terminate in more diffuse, elongated 
structures than the tightly compacted glomeruli formed by 
olfactory sensory axons, rendering it diffcult at present 
to discern a topographic map of gustatory projections in 
the larval brain. 



Sensory Perception in Larvae 

Insects provide an attractive model system for the study 
of chemosensory perception because they exhibit 
sophisticated taste and olfactory driven behaviors that 
are controlled by a chemosensory system that is 
anatomically and genetically simpler than vertebrates 
(Nassif et al . , 1998). Drosophila larvae afford a 
particularly facile organism because much of their 
behavior surrounds eating. Gustatory neurons in the 
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terminal organ and along the body plan, together with 
olfactory sensory cells in the dorsal and terminal organs, 
combine to identify food sources and elicit eating 
behaviors (Stocker, 1994) . 

Members of the Drosophila odorant receptor (DOR) family 
are expressed in the adult olfactory system but cannot be 
detected in larval chemosensory organs . GR genes are 
expressed in larval olfactory and gustatory neurons and 
may encode the entire repertoire of larval chemosensory 
receptors. The simplicity of the Drosophila larvae, 
coupled with the ease of behavioral studies, suggests that 
it may be possible to relate the recognition of 
chemosensory information to specific behavioral responses 
and ultimately to associate changes in behavior with 
modifications in specific connections. 
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